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FOREWORD 
By JONATHAN JONES!, M. Am. Soc. C. E. 


The automobile of to-day has been made possible—not merely made cheap, 
but actually made possible—by new types of steels, new treatments of steels, 
new knowledge regarding the properties of steels and how to control. them, 
and, also, in some degree, by a corresponding development of the light struc- 
tural metals. To-day’s airplane also is the product of this research into, 
and development of, new metallic alloys. Where can be seen to-day, the air- 
plane cloth so essential to the aviation of the World War? In the last few 
years, a new development has begun toward light-weight railway rolling stock 
based, again, on the newest metallic alloys. 

In view of such rapid developments in various industries, of which the 
writer has mentioned three, it is incumbent upon any metal-using industry 
(upon none more than upon the fabricators of bridge and building frame- 
works and similar structures) to inquire what new economies, what new possi- 
bilities, may be anticipated in the structural field from the newer knowledge 
and the newer structural materials. 

For the first quarter of the Twentieth Century this field was substantially 
stationary. Almost without exception the framed structures of that period 
were constructed of open-hearth steels of virtually a single simple class. The 
designers of a few monumental structures turned to nickel, manganese, or 
silicon for help, but these exceptional incidents made no difference in the 
average, or even in fairly impressive, bridge spans, and meant literally 
nothing to thousands of structural designers. 

It would seem to-day as if that stationary condition is broken not to be 
resumed, or certainly not until after a long period of experimentation and 
development. New structural steels and light structural alloys are being 
pressed upon the structural engineer, not always, perhaps, with a very clear 
understanding of what he needs. Any survey of the situation, therefore, 
can be as of to-day only, but nevertheless it is unfortunate that neither as of 
yesterday nor of to-day has any such survey been undertaken, and the results 
arranged so that the average structural engineer may appreciate what is, 
and what is not, being done with new structural metals, and what may, and 
what may not, be “around the corner.” 


To fill this gap, and to perform this service, is the function of this 
Symposium. The specialists who have contributed papers are known to be 
both informed and informative; and they discuss questions such as the 
following: 

(1) What does the newest laboratory knowledge reveal as to the impor- 
tant qualities of materials, of how to distinguish the best from the less suit- 
able, of how to define, and attain in modern designs, that elusive function, 
the factor of safety? 


1Chf. Bngr., Fabr. Steel Constr., Bethlehem Steel Co., Bethlehem, Pa.; Chairman, 
Executive Committee, Structural Division, Am. Soc. C. H. 
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(2) What new tools for examination of stress conditions should structural 
engineers take seriously into account? 

(3) What will variations in alloy additions, or in manufacturing practice, 
do to produce desirable qualities in structural steels, and at what cost ¢ 

(4) What degree of corrosion resistance is obtainable in materials subject 
to structural use, and can the price be paid? 

(5) What alloys lighter than steel have properties that interest the 
structural engineer, and what seem to be the economic possibilities of 
their use? 

(6) What has been done thus far, and what promises to-day to be done, 
in the actual utilization of these special structural metals? — 

(7) What is the objective in further development of new structural alloys, 
and for what can a premium be justifiably paid? 


These several questions embrace one topic, that of the special structural 
metals of to-day and their structural use. 


Note.—In order that the information imparted in the papers of this Sym- 
posium may be of the greatest possible usefulness to Civil Engineers it has 
been necessary to identify several of the alloys under the trade designations by 
which they are most commonly known. A consistent effort has been made, 
however, to avoid advocating special interests, with the understanding that 
the discussers, likewise, will confine their comments to the intended scope 
defined in each paper, as bearing on general classes of alloys rather than on 
individual proprietary types within those groups. 

The term, “kips”, to denote “kilo-pounds” or “thousands of pounds”, has 
been used by each author because of the opportunity of thus arranging the 
tables in a more compact and convenient form; and an effort has been made 
to avoid conflicts in the introduction of the few algebraic symbols involved. 
The papers are not mathematical as a rule and only a few algebraic symbols 
have been required. These conform essentially to the American Standard 
Symbols for Mechanics, Structural Engineering and Testing Materials’. 


7A. S. A.—Z10a—19382. 
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MODERN STRESS THEORIES 
By A. V. Karpov:, M. Am. Soc. C. E. 


Synopsis 

Structural design is a field that has not been strictly defined. Commonly, 
it is assumed to include only stationary structures of a fundamental char- 
acter. A broader definition would be more in line with the present scientific 
engineering attitude. The same basic principles that are used in the design 
of non-moving structures—as, for instance, bridge trusses—are applied in the 
design of railroad rolling stock, automobile frames, trusses of the lighter-than- 
air ships, or structural members of airplanes, etc. The inter-relation and 
reciprocal dependence of these widely different fields of engineering endeavor 
is growing in importance, extending structural design into fields that com- 
monly are assigned to mechanical engineering. 

Due to the experimental and theoretical investigation made during the 
last few decades and prompted mostly by the needs of automobile and air- 
plane designers, engineering science has undergone a considerable change, 
not unlike the spectacular changes in physical and chemical sciences. These 
changes are influencing mechanical designs profoundly, but in so far as struc- 
tural designers are concerned, there are diverging views concerning the 
necessity of changes in design conceptions and practice. 

For quite some time the structural engineer avoided the issue by assuming 
that the new developments were confined to problems in mechanical engineer- 
ing, and, in particular, to its most modern branches, aeronautical and 
automobile engineering. The rapid advance in other engineering branches 
necessarily must be reflected in structural engineering. 


ENGINEERING DESIGNS AS PrRoBABILITY PRoBLEMS 


Hvery proposed engineering structure presents a probability problem that 
can be stated as follows: What is the probability that the design decided 
upon will result in a most suitable structure during the entire period of its 
assumed useful life? 

In its broad sense, an engineering design is an attempt to solve this 
probability problem by determining the future suitability of an engineering 
structure, considering the many governing viewpoints. In a structural design 
the safety of the structure is the most important consideration; economy, 
utility, and durability are the other viewpoints that are most often considered. 


* Designing Hngr., Aluminum Co. of America, Pittsburgh, Pa. 
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The determination of its suitability is based on the prediction of the 
probable future behavior of an engineering design. The difference between 
the predicted and actual behavior is an indication of the state of engineering 
knowledge at the time the design was made. This indication is of a very 
general nature since it encompasses not only the assumption on which the 
purely engineering aspects of the design were based, but also the general 
assumptions made, before the structure was built, concerning the future 
service conditions. 

That every engineering structure must function during a certain period 
of time was always realized. The structures of ancient times in which only 
materials were used as they occurred in their natural state—as, for instance, 
natural stones—were very little influenced by aging. Such structures stood 
for indefinite periods of time. 

At present, radically different materials are used which are much more 
effectively utilized and which have the tendency to change their properties 
either with time or with stress application or with both. As a general rule, 
the fact that a structure is adequate and safe under initial service conditions 
does not assure its future adequacy and safety. Fast-running engines in 
which numerous and rapid variations of stress are taking part were probably 
the first that called the attention of engineers, to the fact that a design that 
was entirely satisfactory during the initial load application may fail after a 
comparatively short service, due entirely to the changes in the stress-bearing 
capacity of the material. 

The ultimate purpose of every engineering structure is to receive external 
and gravitational for¢es that must be distributed, transformed, and trans- 
mitted to some outside medium. The purpose of an engineering design is to 
predict these forces and the influence they will have on the structure during 
the entire period of its life. 


CHANGES IN ENGINEERING ATTITUDE AS 't0 MaTERIALS AND 
Desian Metuops anp ASSUMPTIONS 


Present and, probably still more, future engineering progress depends very 
largely upon the changed engineering attitude as to the materials to be used 
in engineering designs. Instead of simply utilizing the existing easily obtain- 
able materials, new materials are being developed which are not so easily 
‘obtainable and, consequently, are more expensive, but which, for one or a 
number of reasons, are preferable, or may be even more economical, notwith- 
standing their higher cost. 

In most applications the advantageous and economical use of such materials 
requires a better utilization than is customary with less expensive materials. 
The improvement in utilization is attained by a better understanding of the 
properties of the materials and closer evaluation of the future behavior of 
the structure. 

In the past, for instance, it was considered good engineering to build 
machinery that was able to carry a much higher load than was specified, reflect- 
ing the insufficient engineering knowledge with respect to the requirements 
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and actual performance. With reference to bridges, even at present, the claim 
is often made that a particular bridge is well designed because it carries loads 
that are much heavier than were originally specified. 

The structural designer realizes only gradually the up-to-date viewpoint 
of the aeronautical, mechanical, or electrical engineer, that good engineering 
requires a design that fits the conditions. That an over-ample design is poor 
engineering as well as an inadequate one. In that connection one of the interest- 
ing recent changes in engineering ideas is the attitude toward weight. A few 
years ago the weight was considered not only as a favorable factor in engi- 
neering designs, but as a criterion of quality—the heavier the better. Conse- 
quently, no particular efforts were made to reduce the weight. At present, 
the attempts can be followed through all fields of engineering development 
to ereate more economical or better suitable design by the elimination of use- 
less weight: The use, if possible, of arch dams instead of gravity dams; 
the substitution of artificial materials in housing, which are either lighter 
or which can be used in less quantities; the substitution of high strength or. 
light-weight alloys in metal structures; the introduction of welding; the 
lightening of bridge floors; the reduction of weight of automobiles and air- 
planes; and the use of weightless agencies in the numerous applications of 
electric energy. 


Tue Extent or Present THEORETICAL KNOWLEDGE 


The present electronic theory is based on the assumption that the electric 
and magnetic forces of the electrons are ultimately responsible for the con- 
tinuity of each physical body. The different orientation of these forces is 
responsible for the properties of the different materials and in particular for 
their stress-carrying capacities. The fundamental approach to the stress 
problems would be to consider these electric and magnetic forces. At the 
present inadequate state of knowledge that approach is impractical. Even 
the less fundamental relations between the individual particles or crystals 
of the material have not been sufficiently studied and rationalized to be 
practically applicable. 

The present engineering approach necessarily must be simplified, which is 
done by the introduction of the theory of stress. This theory should make 
it possible to determine the distribution of forces applied to the structure 
and their transformation into strains and stresses. It should provide a 
method by which the behavior of the structure may be predicted if the applied 
external forces or loading are known or can be assumed with sufficient accuracy. 
In the engineering sense of the word, stresses are changes in the internal 
forces that are holding these particles together. Stresses introduced in any 
physical body are manifested in strains and resulting deformations and deflec- 
tions. The mathematical expression of the engineering theory of stress is 
given in a set of differential equations. The mathematical solution of these 
equations should result in a set of functions that can be solved for each point 
of the body, giving, for each set of conditions, the corresponding position of 
each point and the stress in each desired direction. As a general rule, the 
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mathematical functions are applicable only within the range of continuity and 
cannot be extended beyond a discontinuity. 

The surface of each structural element will be a discontinuity, regardless 
of whether it is exposed to the atmosphere or to a liquid, or is a jointing or 
connection area of two structural elements or the border area between mate- 
rials differing in their properties. In the engineering sense that would mean 
that each set of functions will determine the conditions within the body of a 
continuous structural element, and also at its surfaces or discontinuity areas, 
the latter being of particular importance. The conditions at such surfaces are 
referred to as “boundary conditions”. 

Present mathematical knowledge is limited and no general solution is 
available of the differential equations set up by introducing the theory of 
stress. Consequently, the solution of each structural problem resolves itself 
into finding the partial or approximate solutions of the general equations 
which will solve, with more or less accuracy, the particular stress problem. 

All the approximate methods are based on a number of more or less reli- 
able assumptions. Besides the traditional assumption that the material follows 
Hooke’s law nearly all methods are based on the assumption of linear stress 
distribution throughout the thickness of the body. In many cases, such an 
assumption may be reasonable at a certain distance from the boundaries, but 
as a general rule it violates, grossly, the actual conditions at close proximity 
to the boundaries. As a consequence these methods, in general, do not satisfy 
the boundary conditions, although they may permit a reasonably close deter- 
mination of conditions within the thickness of a uniform body. 

At the boundaries, however, the difference between the theoretically deter- 
mined, and the actual, conditions may be appreciable, particularly at places 
where a sharp change in the boundary conditions occurs. Such change may 
be due either to an abrupt change of cross-section or to local application of 
concentrated forces. 

The theory of stress gives two major criteria for the determination of the 
suitability of a design—the deflection and the stress. The deflection is an 
integration of the differential strains over the entire structure or over an 
entire structural element. Consequently, if the average conditions determined 
by the use of an approximate method are close to the actual average conditions, 
there may be a very satisfactory agreement between the deflections deter- 
mined by the use of such a method and the actual deflections, notwithstanding 
the discrepancies at the boundaries. 

In so far as the stress is concerned, the suitability of a structure should 
not be judged by the average but by the maximum stress that may occur at 
any point, and that maximum, as a general rule, will occur at the boundary. 
The value of such governing maximum stress cannot be determined with 


reasonable accuracy by the use of the traditional approximate methods. 


Properties or METALS aND ALLoys or ImporTANCE IN STRUCTURAL DESIGNS 

The ideal material, which is the basis of conventional designs, not only 
has perfect elastic properties, obeying Hooke’s law through the entire range 
of stress, and exhibiting a linear stress distribution through the thickness of 
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the body, but it is also unaffected by time, retaining the same properties after 
an indefinite length of service. No actual material has such properties and in 
up-to-date structural design the behavior of the material must be considered 
during the first, as well as the intermediate and last, load application for the 
entire expected life of the structure. The possible deterioration of the mate- 
rial with time, the creep, and the fatigue properties, must be investigated 
before an engineering judgment can be formed as to the suitability of the 
particular material for a particular application. 

The stress-resisting capacity of a metal or alloy is the fundamental prop- 
erty that makes possible its use in any engineering structure. The suitability 
of different metals and alloys is judged by comparing their ultimate strength, 
elastic limit and elongation, fatigue, creep, impact properties, weight, and 
price. 

Metal and Alloys Used—The pure metals are very unsatisfactory in so far 
as their stress-resisting capacity is concerned. No pure metals are used in 
structural designs; the carbon steels are the oldest and most important alloys. 
The modern steel alloys, the aluminum and magnesium alloys, are recent — 
additions to the structural field. 

From the seructural designer’s viewpoint an ideal alloy should possess 
high stress-carrying capacity at light weight and low cost and, at the same 
time, should have a high degree of permanence or a high degree of corrosion 
resistance. A series of alloys having these qualities and of different moduli 
of elasticity would make it possible to use the most suitable alloy for each 
design. 

No alloy or alloys are available at present that would meet all the require- 
ments satisfactorily. The ultimate goal of metallurgical research is to find 
compositions and fabrication methods that will improve the stress-resisting as 
well as the other desirable properties. Such an ideal alloy is not even in 
sight, and structural engineers will be compelled, for a long time to come, 
to use numerous alloys, each one satisfying a part of the requirements among 
which the cost will always be important. 

In so far as the modulus of elasticity is concerned, it seems that, at present, 
metallurgical science does not propose any methods by which that important 
property can be varied sufficiently. 

Ultimate Strength—Ultimate strength is measured by the stress at which 
the material fails during a single gradually increasing load application, based 
on the original cross-section of the specimen and using an arbitrary size and 
shape of specimen. One of the complications in the application of present 
stress theories, lies in the fact that the ultimate strength depends not only 
on the kind of material, but also on the kind of stress. The same material 
will show a different ultimate strength in tension, compression, bending, or 
shear. 

Considering the simplest case, the theoretical maximum tensile strength 
of a material reflects the degree of adhesion between its molecules. 

The general assumption is that this adhesion is due to the molecular or 
internal forces that hold the molecules of the material together. If the modern 
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electronic theories are accepted, it is only logical to assume that there is a 
particular arrangement of all electrical and magnetic forces that will result 
in the maximum internal force holding the particles together and, consequently, 
will represent the conditions of the absolute ultimate tensile strength that 
cannot be exceeded by any material under any conditions. Then the ultimate 
tensile strength obtained in any material under a particular set of conditions 
could be expressed as a percentage of the absolute tensile strength. This per- 
centage will be low for unsatisfactory arrangements of the internal. forces 
and will increase if the internal forces are better orientated with reference to 
the tensile stress applied. No information is available as to what such abso- 
lute ultimate strength may be, but it is reasonable to assume that it is not 
even approached in any of the commercially used structural materials. 

The present state of knowledge ig insufficient to determine how a better 
orientation of the internal forces may be obtained, but practical experience 
shows that such improvements are possible even if an explanation for them is 
not apparent. It is not even clear whether the increase in the specific gravity 
of the material has any favorable influence on the orientation of the internal 
forces. 

The most important improvement in the orientation of the internal forces, 
resulting in the increase of ultimate strength, is obtained by cold working 
suitable alloys. At the same time such cold working not only does not 
increase, but very often decreases, the density of the material. This fact 
could be taken as an important indication that the proper orientation of inter- 
nal forces has no direct relation to the specific gravity, but depends on some 
factors unknown. 

The general speculation permissible under these assumptions is that it 
should be possible by the use of means, unknown at present, to produce alloys 
of the same degree of orientation of internal forces irrespective of their 
specific gravities. Practically, that would mean that it should be possible 
to produce light alloys of very high ultimate tensile strength. 

Materials identical in so far as the orientation of the electric and magnetic 
forces is concerned, should be identical in all other respects. There are 
numerous ways in which the orientation of these forces can be changed in 
metals, resulting in an unlimited variety of metals and alloys; but practically 
nothing is known as to the character of these re-orientations. The following 
classification of the known methods of re-orientation of the internal forces 


may be made: 
T.—Re-orientation involving change in chemical composition: 

(A) Changes brought about by the addition or substitution of different 
alloying elements, resulting in alloys of a different chemical 
composition. 

(B) Changes in composition of the integral parts of the alloys, result- 
ing in alloys of the same general chemical composition, but 
of different properties. 

(C) Changes in surface conditions, known as chemical corrosion. 
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IL—Re-orientation not involving any change in chemical composition: 


(A) Changes in grain structure caused by cold working or heat treat- 
ment. 

(B) Changes in the internal equilibrium conditions caused by the 
introduction of internal stresses. 

(C) Changes in surface conditions caused by mechanical erosion. 

(D) Changes in surface conditions caused by repeated application of 
stress. 


Factors that do not influence the stress-resisting capacity directly, but are 
customarily included, may be classified as follows: 
III.—F actors reflecting insufficient theoretical knowledge: 


(A) Stress concentrations that cannot be determined exactly. 

(B) Unknown distribution of stress throughout the thickness of the 
specimen resulting in the introduction of a new variable— 
the size of the specimen. 


IV.—Factors reflecting inadequate manufacturing procedure: 


(A) Non-uniformity of material. 
(B) Unsatisfactory surface conditions. 


The chemical composition is naturally the major factor. Nothing is known 
concerning the fundamental relation between chemical composition and 
strength of the various materials and in particular metals. Much has been 
learned during the last few decades about the influence of comparatively small 
quantities of some alloying elements on the strength of commercial alloys. 
Nevertheless, the development of new alloys is very much a “cut and try” 
proposition. The present metallurgical. knowledge of the fundamental factors 
influencing the strength of metals is rather limited. In general, every com- 
mercially used metal can be made stronger by adding proper alloying ingredi- 
ents. Even the impurities that are unavoidable in any commercial process may 
change the strength of metals to a large extent. 

On the other hand, in most cases, the increase of strength indicated by 
increased ultimate strength that is due to alloying, is obtained with a simul- 
taneous decrease in ductility, indicated by decreased elongation. Since, for 
practical purposes, a metal of high strength and high ductility is desirable, 
it is necessary to arrive at some compromise as to the most favorable combina- 
tion of strength and ductility. For alloys to be used as castings it is possible 
to utilize materials of very low ductility; mietals that must be changed to a 
prescribed shape by forging , stamping, extrusion, or rolling necessarily must 
have a much higher ductility, at least at the working temperature. 

Some of the alloys are susceptible to heat treatment and change their 
properties if heated to a certain temperature and cooled in a definite way. 
The wide influence that changes in chemical composition may have on alloys 
with different percentages of alloying elements is demonstrated in Fig. 1 
which shows the total percentage of alloying elements and the ultimate tensile 
strength of a number of non-commercial and commercial aluminum alloys. 
It embraces the highest values of the ultimate tensile strength obtained. 
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In drawing this diagram, no attention was paid to the method by which 
the highest ultimate strength was obtained, such as heat treatment, cold 
working, etc. The greatest tensile strength obtained for each alloy was the 
110 . 
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information included in Fig. 1. It is reasonable to assume that every point 
of the enveloping curve can be filled in, with future progress in the study of the 
different possible alloys. 

The increase in the percentage of alloying elements increases the ultimate 
tensile strength, but may decrease the ductility, and in many cases the corro- 
sion resistance, to such an extent that the resulting alloys often have no 
commercial use. Increasing the number of alloying elements may improve 
these conditions, resulting in increased stress-resisting capacity without a 
detrimental influence on other desired properties, resulting in commercial 
alloys. 

The large number of points representing non-commercial alloys indicates 
that a large number of factors needs to be considered in order to find whether 
a particular alloy will prove to be useful. 

No information is available that would indicate the maximum strength 
that may be reached by the alloying of different base metals. 

Stress-Strain Curves, Modulus of Elasticity, Yield Point—Although very 
litile is known about the ways in which the different chemical ingredients 
act in the alloy, the final results are reflected in stress-strain curves, particu- 
larly if these curves are obtained by the use of sufficiently sensitive 


instruments. 
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A number of such curves are shown in Fig. 2, which ig drawn in such way 
that for the first part of the stress-strain curves, up to 0.01 in. per in., or 1% 
of strain, a large scale of strains is used, the remainder of the diagram is 
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drawn, using a strain scale one-twentieth of the size of the original one. 
This diagram, based on publications of V. D. I. (Verein Deutscher Ingenieur) 
and unpublished tests made by, thiol Templin, M. Am. Soe. ©. iH shee 
the three types of commercial alloys that are used or may be used in struc- 
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tural designs, the steel, aluminum, and magnesium alloys. A study of Fig. 2 
reveals a few interesting facts: 


1.—Notwithstanding the very large variation of the ultimate strength 
and elongation, only four different moduli. of elasticity are available, one 
between 29000 and 30000 kips per sq in. for low alloy steels, the other be- 
tween 25000 and 26000 kips per sq in. for high alloy, stainless, steels, 
the third about 10300 kips per sq in. for aluminum alloys, and the fourth 
about 6500 kips per sq in. for magnesium alloys. In structural materials 
as commercially used at present, no intermediate moduli of elasticity are 
available. 

2.—Yield points may be studied in Fig. 2. The low-strength steel alloys— 
the mild steel and the silicon steel—have pronounced yield points at which a 
definite break of the strain-stress curve occurs. The high-strength steel alloys 
as well as the aluminum and magnesium alloys have no definite yield points, 
the stress-strain curve changing from the straight part to a curved part 
gradually and steadily without any break. 

The importance of the yield point for mild steel and particularly for sili- 
con steel is obvious. Any stressing of these alloys above the yield point will 
result in considerable deformation that must take place before the increase of 
resistance will occur that may stop such deformation. 

For alloys which do not have yield points it is customary nevertheless to 
designate as yield point the stress. at which an arbitrarily chosen permanent 
deformation occurs. For non-ferrous alloys, 0.2% of permanent deformation 
is widely used. For ferrous alloys a permanent deformation between 0.1% to 
0.5% is usually chosen. 

Considering the properties of the alloy and its applications, these arbitrary 
yield-point values are rather meaningless, but they have some practical signifi- 
cance in limiting the acceptable design deformations. 

3.—Fig. 2 makes clear the justification of the application of Hooke’s law 
to low-strength steels if they are not stressed above the yield point; also, it 
demonstrates the much lesser justification for the application of this law to 
high-strength steels and light-weight alloys and the non-applicability of 
Hooke’s law to low-strength steels stressed above the yield point. 

4——It shows: (a) The uncertain nature of the definition’ of the modulus 
of elasticity; and (b) the difference between the initial and the actual 
moduli of elasticity for the different types of alloys. 


Boundary Conditions——The surfaces of any structural element are boun- 
daries which represent the most abrupt change in the conditions. In struc- 
tural engineering, as well as in many other engineering fields, the boundary 
conditions may become of considerable importance. They must be considered 
in any investigation of the stress-carrying capacity of alloys and should be 
reflected in the mathematical treatment of the stress problems. The present 
progress in engineering design, as well as in the utilization of alloys, depends 
to a large extent on the increased attention paid to the boundary problems. 

That corrosion, or the disintegration, of metals and alloys starts at the 
boundary or surface and gradually penetrates the body of the material was 
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realized, of course, a long time ago, and the metallic surfaces were protected 
by the use of different paints, or, more recently, by facing the less stable base 
metal with a more stable alloy or alloying element. 

Even now the influence of the boundaries on the distribution of stress 
within the body of the metal is not always realized. For instance, the tra- 
ditionally assumed linear distribution of stress does not represent the condi- 
tions close to the boundaries. During the last few decades considerable 
advance has been made in realizing the importance of the boundary or sur- 
face conditions in the fatigue phenomena. Without attempting to go into 
the complicated stress relation among the individual crystals or even more 
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minute particles of the material, but keeping within the customary engineer- 
ing conception of stress, a simple illustration may be of interest. The stress 
conditions of a circular bar subjected to pure tension or compression are 
shown in Fig. 3(a) and Fig. 3(b) for static and varying loads, respectively. 
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The two plain bars have the same diameter, D, and the notched bars 
have the same diameter, D, as the plain bars, at the bottom of the notch. The 
static load, P, to which the bars in Fig. 3(a) are subjected, is the same. 
The varying load, P, to which the bar in Fig, 3(b) is subjected, alternates 
between + P, the numerical value of P being the same as in the case of the 
bars subjected to static loads. 

Under the traditional assumption of linear distribution of stress, a tensile 
stress, s, will be developed at the middle section of the plain bar (Fig. 3(a)) 
and at the section taken at the bottom of the notches at the bars. This stress 
will be equal for each of these three bars and will be distributed uniformly 
over the entire available cross-section, as shown by solid lines in Fig. 3. 

The actual stress in the plain bar (Fig. 8(a)) under static load probably 
will be greater at the surface and less at the middle as shown by the broken- 
line curve, the ratio between the maximum actual stress, s,, and the tradition- 
ally assumed stress, s, being usually referred to as the stress concentration 
factor. The actual stress in the bar with the circular notch will be greater 
at the bottom of the notch and somewhat less at the middle, as compared with 
the plain bar, and as shown by the broken-line curve, the maximum stress 
being s. Finally, the actual stress in the bar with the sharp notch will be 
still greater at the bottom of the notch and somewhat less at the middle, and 
as shown by the broken-line curve, the maximum stress being ss. 

A much better visualization of the conditions may be obtained by the use 
of the stress fields or stress lines analogous to the fields and lines used in the 
study of electrical phenomena. Instead of visualizing the stress at one cross- 
section only, it is possible to visualize the flow of stress. In Fig. 3(a) such 
stress lines are drawn for an axial section of each cylinder. At each point 
the direction of the stress is a tangent to the stress line. The intensity of the 
stress is shown by the distance between the stress lines. The influence of 
the differently shaped notches may be visualized by the study of these diagrams. 

Introducing the stress concentration factors, ¢:, ¢:, and ¢;, the maximum 
stresses, s,, So, and s, may be expressed as Ss: = iS; S: = C28; and 83; = ¢s8. 
The values of ¢,, cs, and cs, and, consequently, the values of the maximum 
stresses, s,, S2, and ss, depend on the properties of the material, particularly on 
the shape of its strain-stress curve. As long as the material follows Hooke’s 
law at the low range of stress, the strain-stress relation is expressed by the 
straight part of the curve. Under these conditions the concentration factors 
reach their highest value. When the material deviates from the straight part 
of the curve, increased deformation or plastic flow takes place. This tends 
to redistribute the material, tending to decrease the peak value of the stress 
and, consequently, to decrease the concentration factor. 

Alloys having straight-line stress-strain curves and definite yield points 
will develop the maximum stress concentrations with increase of load until 
the maximum stretch reaches the yield point, after which the stress concentra- 
tion factor will decrease rapidly. 

Alloys that gradually diverge from the straight part of the stress-strain 
curve will develop lower stress concentration factors at the lower range of 


stress. 
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Assuming, again, linear stress distribution, the traditionally evaluated 
stress in Fig. 3(b), under the varying load, will fluctuate between plus and 
minus s; the numerical value of s again being the same as in the bars sub- 
jected to static load, and being uniform over the entire cross-section. The 
actual stress in the bar will depend on a number of conditions. If the force, 
P, and, consequently, the actual maximum stress, $1, is small, the stress in the 
bar will fluctuate between the limits shown by broken-line curves, correspond- 
ing to the actual stress of the bar in Fig. 3(a), without producing any changes 
in the material. Consequently, the reversing load may be applied an indefi- 
nite number of times, without producing a failure. If the stress, s., is great 
enough, the actual stress of the plain circular bar (Fig. 3(b)) will fluctuate 
between limits that will change gradually. At the first load application, the 
stress limits will be the same as before. If the reversing load is applied a 
number of times, incipient cracks will be formed at the surface of the bar, an 
increase of the surface stress will follow, and the stress limits will be approxi- 
mately the limits of the bar with the circular notch (Fig. 3(a)), shown by 
the broken-line curve, with the maximum stress, s>. 

In this case, again, the phenomenon may stop if s. is low enough and the 
reversing load may be applied an indefinite number of times without produc- 
ing a failure; but if s. is great enough the repeated application of the 
reversing load will cause the incipient cracks to change their shapes, increas- 
ing the surface stress until it corresponds to the conditions of the bar with 
the sharp notch in Fig 3(a), with the maximum stress, s;,, the notch being 
chosen so as to produce the highest possible value of ¢;3. 

These conditions will be somewhat complicated due to the fact that the 
circular bar will contract or expand, not only parallel to the axis or in 
the direction in which the forces are applied, but also along the diameter or at 
right angles to the direction of the forces. This complication, however, in 
the simple case assumed, will only be of secondary importance. 

If the stress, s;, developed under such conditions is low enough, no more 
changes in the conditions of the incipient cracks will occur, and the specimen 
may be subjected to an indefinite number of load reversals without failure. 

If the stress, s;, is high enough, a permanent and continuous change in 
the crack conditions will be produced and the failure will occur after a num- 
ber of load reversals during which the incipient crack will grow and attain 
larger dimensions, causing an increase of stress due to the reduction of the 
effective cross-section. It may take a considerable number of load reversals 
before the incipient cracks will come to such a condition that they start to 
grow; but after that the final growth is usually accomplished during a small 
number of load applications, and the failure takes place rapidly. 

Finally, the reversing load, P, applied to the specimen may be so great 
that although the stress, s,, will be lower than the ultimate strength, the 
stress, ss, exceeds it. Under such conditions the failure will occur after a 


limited number of load applications as soon as the growing maximum stress 
approaches the ultimate strength of the material. 
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This description of the fatigue phenomena may not be exact in every case, 
but should give an understanding of the underlying conditions as known at 
present. 

The properties of metals and alloys of importance in engineering struc- 
tures may be divided into two classes: The first are the properties that 
depend mainly on the internal deep-seated conditions; and the second those 
that depend upon the surface conditions. Modulus of elasticity, shape of the 
stress-strain curve, ultimate strength under static load, creep, and single 
impact properties, all depend on the internal conditions and are affected very 
little by the surface conditions. Corrosion resistance, fatigue strength, and 
fatigue strength under repeated impact, are properties that depend funda- 
mentally on the internal conditions, but may be influenced to a very large 
degree by the surface or boundary conditions. 

Fatigue Properties—Fatigue strength is determined by the formation of 
incipient cracks on the surface and by the extension of such cracks. If the 
formation and extension of these cracks can be retarded, the fatigue strength 
will be increased, and vice versa. The stresses developed at the surfaces are 
the major factors in the formation of the cracks. It is not the mean stress 
or the assumed stress that is of importance, but the actual maximum stress 
that may occur. 

The extension of cracks depends on the load or stress fluctuation. <A static 
load may develop minute cracks, but unless the maximum stress is close to the 
ultimate strength of the material such cracks will not grow. The variation in 
stress will change the conditions of the cracks. Small variations of stress 


’ from a constant mean value will make the cracks spread only if the mean value 


is high. Larger stress variations will make the cracks spread even at a 
smaller mean value until the complete reversal of stress may result in their 
extension and spread, although the mean value is zero. 

These conditions may be summarized on a diagram with a base line of 45°, 
such as that shown in Fig. 4, in which the mean value of the stress is plotted 
on the 45° base line, using either the scale on the ordinate or the abscissa 
axes. The stress variations are plotted vertically as ordinates using the mean 
stress value as the zero point. This diagram, based on the publications of 
V. D.I., extends from the zero mean value which will be the origin of the co-or- 
dinate system and to the value of the ultimate strength plotted at the 45° 
base line. 

To draw such a diagram the fatigue strengths must be determined on a 
large number of identical specimens of a particular alloy under different con- 
ditions of load variations, but for a stress of the same kind, either tension or 
compression. 

For practical purposes a diagram such as Fig. 4 should not be used above 
the true or assumed yield-point value, resulting in that part of the diagram 
shown by solid lines. 

Number of Load Applications—The fatigue strength of a material is 
determined by the testing of a sufficiently large number of identical specimens. 
Each specimen is tested in a similar manner but at a different stress range. 
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If, for instance, the fatigue strength at the complete reversal of stress is to be 


determined, the specimens are tested under conditions of complete stress re- 
versal, starting with a number of specimens that are tested at high stress. 
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The testing is continued, each succeeding specimen or set of specimens being 
tested at a lower stress, so that the result represents a series of gradually 
decreasing values of stress to which the specimens were subjected. For each 
specimen two values are obtained, the stress at which the specimen was tested 
and the number of stress reversals at which it failed. The stress is determined 
by the use of traditional methods, disregarding any possible stress concentration. 

In order to obtain complete fatigue data, tests must be made and diagrams 
plotted for complete and partial stress reversals and for complete and partial 
stress pulsations. 

The accepted term, “endurance limit”, can be defined as the fatigue stress 
under complete stress reversal below which metal will withstand, without 
failure, an indefinitely large number of cycles of stress. It may also be defined as 
the stress value at which the stress-cycle curve changes to a line, straight and 
parallel to the abscissas. For partial stress reversals and for pulsating stress 
the term, “fatigue strength”, would seem more applicable. 


we 
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There is a wide difference in the shape of the stress-cycle curve for different 
materials. For some materials the curve has a very pronounced “knee” and 
the endurance limit is a very definite term, but for other materials the curves 
have no definite “knee” and, for some materials, the stress-cycle curve does not 
change to a line straight and parallel to the abscissas. 

To determine the properties of the different alloys it is necessary to run 
the fatigue tests either until a definite endurance limit or fatigue strength is 
established or until the proof is obtained that no definite value can be 
obtained. 

The term “endurance limit”, is often misused. For practical purposes, 
particularly in structural problems, data may be utilized which represent 
results of tests obtained at a lower number of load applications; such data 
should not be referred to as “endurance limit”, but as “fatigue strength”, 
and it would seem necessary in each case to supply a clear indication of 
the limiting number of load applications at which the data were obtained. The 
term, “endurance limit”, should not be applied to cases of partial stress 
reyersals or stress pulsations. 

Surface Conditions.—Fatigue strength may be influenced to a large extent 
by changes in the surface conditions. The methods by which such changes 
may be obtained can be divided into a number of groups. The most radical 
is the group involving the change in the chemical composition of the boundary 
layer of the metal or alloy. If such a change results in a surface which pre- 
vents the development of cracks, or which prevents the minute cracks from 
spreading, an increase in fatigue strength may be obtained. The nitriding of 
steel changes the chemical composition of the surface, resulting in a con- 
siderable increase in the fatigue strength. 

Changing the surface conditions without changing the chemical com- 
position covers a group of methods of primary importance. First in this group is 
the case in which changes occur automatically during the repeated application 
of the fluctuating load. The changes produce what is known as the “strain- 
hardening effect.” It seems that if, during the load application, stress con- 
centrations occur, that bring the peak of the stress above the yield point for 
materials that have a yield point, plastic deformations are caused, thus 
changing the properties of the material that may retard or even stop the 
growth of the incipient cracks. For materials that do not have a yield point, 
the same condition occurs if the stress is high enough to produce a sufficient 
deformation. 

Similar results may be produced by cold working the surface by use of 
rollers or by similar means. The increase in the fatigue strength in this case 
may be attributed partly to the compacting of the surface particles and partly 
to the pre-stressing of the surface which, if properly applied, may reduce the 
stress peaks. 

The next group of methods involves the finish of the surfaces. Machined 
and highly polished specimens have the highest fatigue strength in this group. 
The elimination or reduction in size of the incipient minute cracks is the 
probable explanation. Fatigue strength is reduced if the surfaces are only 
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machined but not polished, and it is still more reduced for rough, 
non-machined surfaces. The notching of the surface, or injury by sharp cuts, 
and, finally (for mill-rolled shapes), using the material with the mill scale 
left on, will result in the lowest fatigue strength. The presence of cracks 
and high stress concentrations are the most probable explanations. 

The final and lowest in fatigue strength is the group in which the surfaces 
are covered -with liquids. It would seem that if liquids of high viscosity are 
pressed into the incipient cracks, or liquids of low viscosity flow freely into 
them, they act as wedges during the closing of the crack, increasing ‘consider- 
ably the stress concentrations and reducing the fatigue strength. The chemi- 
cal reactions of some of the liquids cause a further lowering of the fatigue 
strength by increasing the sizes of the incipient cracks or deepening them. 

Finally, a very considerable lowering of the fatigue strength and the destruc- 
tion of the metal, submerged for instance in water, may occur due to 
cavitation and resulting corrosion, when the material is subjected to a very 
large number of very rapid blows due to the continuous and rapid forming 
and collapse of vacuum bubbles in the surface layer of the water adjoining 
the metal. 

If similar metals or alloys are compared, those that have a lower ultimate 


strength can be improved as a general rule to a larger degree; and, on the — 


contrary, high-strength alloys are more sensitive in so far as the lowering of 
the fatigue strength is concerned. Thus, the fatigue strength of a low- 
strength carbon steel can be improved by nitriding to a larger degree than the 
fatigue strength of high-strength steel; but if compared with machined and 
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polished surfaces, a notch or surface injury will lower the fatigue strength of 
ce aiade alloys to a larger degree as compared with similar low-strength 
alloys. 

In so far as steel alloys are concerned, Fig. 5, based on V. D.I. publications, 
illustrates this conditions. The diagram is based on fatigue strength obtained 
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on specimens in tension-compression and bending. The highly polished or 
mirror-polished specimens are given the 100% rating. 
Reduction factors are to be applied, depending on the ultimate strength 
: of the particular steel alloy and its surface conditions. They must be 
applied not to the mean value of stress but to the plus-minus stress fluctuation. 
Tf a combination of factors is involved the lowest values shown on Fig. 5 
- should be used. As usual, the values for sharp circular notches do not 
take into consideration the stress concentrations and give a good idea as to 
- what the reduction in fatigue strength may be if the surface is injured by a 
blow leaving a sharp indentation. 
The influence which that reduction of fatigue strength may have under con- 
ditions of complete stress reversal is demonstrated in Fig. 6, based on the data 
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shown in Fig. 5, for different steel alloys. This diagram shows the yield point, 
the endurance limit for highly polished specimens, the reduced endurance limit 
due to surface injuries using the data for sharp circular notches, and the 
reduced endurance limit that is obtained if rolled material is tested with 
the mill scale left on. All these data are expressed in percentages of the ulti- 
mate tensile strength. Finally, the diagram, Fig. 7, shows that under the 
same conditions of a complete load reversal the high-grade steels have endur- 
ance limits somewhat proportional to their higher ultimate strength, only for 
highly polished specimens. For specimens with injured surfaces or with the 
mill scale left on, there is only a very slight increase of the endurance limit. 
Complete Fatigue Diagrams.—The fatigue strength of a material, tested 
under identical conditions in so far as the properties of the alloy and its 
surface conditions are concerned, depends on the kind of applied stress. 
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Therefore, it becomes necessary to test the materials separately for three 


kinds of stresses—tension-compression, bending, and shear. Fig. 8, based on 
V.D.I. publications, shows a 
complete fatigue diagram of 
a silicon steel alloy on which 
the fatigue strength for all three 
kinds of stresses are shown. 
The characteristics of this alloy 
were: Carbon, 0.25%; silicon, 
0.2%; manganese, 0.6%; ulti- 
mate strength in tension, 64 kips 
per sq in.; and, elongation, 0.20% 
in 4 in. In Fig. 8 the tension- 
compression data are presented 
for the case only where the mean 
stress is zero or tension. If it 
is desirable to include data for 
tension-compression when _ the 
mean stress is compression, the 
diagram may be extended by 
continuing the 45° base line into 
the compression region in the 
third quadrant. 
As in all fatigue diagrams 
rd the stresses are determined by the 
306 - im re = 3) use of traditional methods, as- 
Stress in Kips per Square Inch suming the linear distribution of 
_ Fie. 8.—Faticun D1AGRAM OF A POLISHED SILI- gtresg and disregarding the possi- 
con StreL SPECIMEN 
ble stress concentrations. In that 
respect it is of interest to compare the tension-compression and bending 
stresses. The comparison between the traditionally assumed and actual stress 
distribution is shown on Fig. 3(a@) and Fig. 9 for the tension-compression and 
bending, respectively. By comparing these two diagrams it can be seen that 
in the case of tension-compression the actual stress is 
higher, and in that of bending lower, than the assumed 
stress. If corrections due to non-linear distribution 
of stress were applied to the data in Fig. 8, the fatigue 
strength in bending would be lowered and that in ten- 
sion-compression would be raised, bringing both of them 
together. The large difference between the shear and 
tension-compression fatigue would be made still larger. 
Comparative Fatigue Diagrams of Different Alloys.— 
The fatigue strengths of a number of alloys, determined 
on highly polished specimens under tension-compression 16. 9.— Disraisv- 
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publications. The alloys were chosen to represent high-strength alloys of 
their respective classes. 

The ultimate tensile strength and elongation of these alloys are given in 
Table 1. Although it gives the absolute fatigue strength values, Fig. 10(a) 
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does not offer a proper basis for comparison, since the weights of the materials 
are not considered. Fig. 10(b) is based on the same data, but the weight is 
considered by assuming the steel as the material of unit weight, and multiply- 
ing the fatigue stress for duralumin by the steel-duralumin weight ratio, which 
makes possible a direct comparison of the different alloys on the strength- 
weight basis. 


TABLE 1.—Cnaracteristics or Axtoys in Fia. 10. 
Reese nnn 


Alloy Ultimate tensile strength, in kips Percentage elongation, 
per square inch in 4 inches 

DUTALUMIN Ise dee os oe vie vere eee 59 19 

Garhonie ce duis caine cuieece nee ee 64 20 

RNNGOD See atae sai Awe h Ge mieser 107 10 

PNTa Glcol vm eocicie: oitias iecevelepeue ore ee walls 139 10 

Tungsten ......00 5c cece etter 170 10 


ImproveD DesiaN MrtuHops 


Determination of Stress—The assumption that the materials follow Hooke’s 
law does not take care of the individual properties of the different materials, 
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but bases all designs on the use of non-existing ideal materials, with perfect 
elastic properties. The assumption of linear stress distribution in many cases 
precludes the proper determination of stress, particularly at the boundaries. 

Considerable experimental and theoretical work was done in the past and 
is being done at present in order to create a better understanding of the stress 
phenomena, so that more refined designs may be used in which the individ- 
ual properties of the different materials are considered and the stresses are 
determined more exactly. 

This work is a part of the widespread experimental and theoretical investi- 
gations made during the last few decades and is prompted mostly by the needs 
of automobile and airplane designers. 

The present situation in engineering design is such that the conventional 
design theories do not supply any methods for determining the exact stress; 
but in most cases the average stresses can be determined. The maxi- 
mum stress values which govern the design, and which are of such importance 
under repeated load conditions, cannot be determined. 

The impossibility of developing a strict theoretical method of exact stress 
determination, and the desire to develop the results of the advanced studies 
in such shape that they could be used without any difficulty by the practical 
engineer, resulted in the evolution of combined design methods in which the 
conventional theoretical methods are utilized, and the data thus obtained are 
corrected by the use of empirical coefficients. 

How far it is necessary to go in applying such methods depends on the 
exactness with which the design should be made. In aircraft, where the saving 
of weight governs the design, the most exact application of all available 
methods is of importance. In structural applications such exactness may 
not be necessary, but the use of more expensive or less known niaterials will 
make advisable the application of methods of greater exactness than the 
customary methods. 

The exact methods that can be applied at present may be divided briefly 
in four steps: 

First—Assuming that the structure or its elements are built of an ideal 
material (which is practically non-existent), the stresses are determined by 
the use of conventional design methods; 

Second.—The conventional stresses thus determined, are corrected to bring 
about close agreement between the design and correct stresses in the ideal 
material; 

Third.—Stresses determined for the ideal material are corrected again, to 
take care of the substitution of materials actually used for the ideal material, 
so that a close agreement is assured between the design and actual stresses; and, 

Fourth.—The finally determined stresses for the materials that are actually 
used are compared with the stress-resisting capacity of these materials 
under the expected loading conditions. 

The traditional structural designs are based on the use of the first step 
only. The fourth step is seldom fulfilled; since the stress-resisting capacity 
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of the materials is not correlated with the expected loading conditions, in 
particular, the fatigue properties are usually neglected. 

The inclusion of the second and fourth steps in the design will insure 
much greater precision. All four steps probably represent the most exact 
design possible at present. 

Stability—Stability problems are of considerable interest in the more 
refined designs. In the past the tendeney has been to design structures so 
that no stability failures were possible, the failure by overstressing the material 
occurring under smaller loads than those at which the condition of instability 
could be reached. In other words, the attempt was to keep the safety factor 
with reference to stability greater than the safety factor with reference to 
stress failures. 

An economical design not only must be balanced in so far as the stress 
safety factors are concerned, but it should also be balanced in so far as the 
stability safety factor is concerned. ‘Theoretically, there are no reasons why 
a structure or its elements should have different safety factors with reference 
to stress and to stability. Practically, the stress-carrying capacities of alloys 
are better understood than the conditions of instability, and the tendency 
of the designer is to use higher safety factors with respect to stability as 
compared to stress, with the exception of some aircraft designs. 

No matter what the material, and how stiff the structure or each of its 
elements may be, the strains and resulting deformations and deflections will 
appear every time forces are applied, the only difference being in the amount 
of deformations and deflections. These factors will depend on the modulus of 
elasticity of the material used and the stresses developed. 

The mathematical treatment of the stability problem is even less defi- 

nite than that of other stress problems. The fact that the change from stable 
to unstable conditions in most cases occurs during a very small change in 
the loading conditions, makes the exact mathematical solution a problem 
of such refinement that it cannot be obtained exactly by the use of present 
mathematical methods. 
Practically nothing is known about the question as to whether, and, if so, 
how, the local stress concentrations and repeated load applications influence 
the stability. In comparing the application of different alloys, the stability 
may become an important factor. 

If higher stressed, stronger alloys of the same specific gravity and modulus 
of elasticity are substituted for low-strength alloys, the thickness of the 
~ members is reduced, the deformations and deflections are increased, and, con- 
sequently, the stability safety factor is lowered. 

Tf alloys, equally stressed and of the same strength but of lower specific 
gravity and lower moduli of elasticity, are substituted, no direct conclusion may 
be drawn. The comparative stability will depend on the details of design with 
respect to the distribution of the additional volume of the alloy of lower 


specific gravity. 
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Appuication to ActuAL Desians 


Necessarily, the refinements of engineering design must start with a more 
exact prediction of the future loading conditions. Not only should the maxi- 
mum force to be applied be known but, for varying forces, the amount of varia- 
tion and the probable frequency of different load application must also be 
known. All these conditions have an important bearing on the behavior 
of the structure. 

The relation between the shop and field labor costs and between the cost 
of material and labor are changing factors the importance of which is con- 
siderably accentuated since more expensive materials and different jointing 
methods are put at the disposal of the structural engineer. 

Considering the different designs, the fatigue and stress concentration 
phenomena are of particular interest. The load that a metal structure carries 
produces stresses that may vary from a perfectly static to a completely revers- 
ing stress. There are very few metal structures the members of which are 
subject to perfectly static stress. Even the steel skeletons of buildings 
are subjected to a constantly varying stress, due not only to the wind action 
but also to temperature variations. As a general rule, these stress variations 
are small as compared with the mean stress. On the other hand, the number 
of structural elements that are subject to complete stress reversal is also 
comparatively small. The vast number of structural elements are subjected 
to varying stresses of different degrees of pulsation or reversal. 

The number of stress pulsations or reversals may be considerable. The 
most outstanding instances are structures that are subject to vibrations in 
which the number of stress pulsations or reversals may be comparable to the 
number of stress reversals to which parts of fast running engines are sub- 
jected. Most of the structures are subjected to fewer stress pulsations or 
reversal. 

These considerations would indicate that stress concentration and fatigue 
phenomena must be taken into account in structural design. 

Joints.—The necessity to develop expensive high-speed internal combustion 
engines forced the mechanical engineer to take into consideration and to ~ 
begin a study of stress concentration and fatigue phenomena. Joints, being 
the most expensive and most sensitive part of a structural design, are at 
present forcing the structural engineer to follow the same path. 

Riveted joints are necessarily producing stress concentrations. If two. 
similar riveted joints are compared, the traditionally assumed strength of 
which is the same, it would seem that the joint in which a small number 
of large rivets is used will have higher stress concentration than one in which 
there is a larger number of small rivets. All other conditions being equal the 
joint with a larger number of smaller rivets should have the higher fatigue 
strength. 

The next conclusion would be that a continuous welded joint should have 
a greater fatigue strength than a riveted joint, which may not always be the 
ease. The local heat application will result in residual stresses that may 
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increase the peak stress. The different properties of the base material and of 
the welded material, and the possible changes in the properties of the base 
material adoining the weld may produce internal boundaries, resulting in high 
stress concentration similar to those produced by abrupt changes in shape. 
The stress concentrations thus produced, and the changes in the properties 
of the base material, may result in a considerably lower fatigue strength of 
the joint. 

Safety Factors and Working Stress—The adequacy of an engineering 
structure is expressed in terms of the safety factor, which is supposed to 
represent the ratio between the actual and the ultimate conditions, under 
which the structure will fail. The safety of a design is not determined by an 
average safety factor, but by the lowest safety factor at the danger spot of 
the weakest element. It may be influenced by the fact that in any redundant 
construction, the members can partly unload this burden upon other parts 
of the structure, thus making the actual safety factor higher than the mini- 
mum safety factor of a single element. The factor is to be considered first 
in strength, represented by the stress safety factor, and second in stability, 
represented by the load safety factor. In the consideration of any given safety 
factor of a structure the most important item is the reliability of its deter- 
mination. If crude design methods are used, the actual safety factor in many 
places or instances may be much lower than the theoretical safety factor. If 
more refined design methods are used, the actual and theoretical safety factors 
will be in closer accord. 

In practically all cases a structure designed by the use of conventional 
methods, with a high safety factor, will be less safe than one designed by the 
use of more refined methods and using a smaller safety factor. The conven- 
tional safety factor idea is that the safety factor for a particular design under 
given loading conditions is a constant coefficient ; but actually the safety factor 
varies. 

In all engineering structures the factor of safety decreases as time goes 
on. In some instances it may initially increase for some time, if the stress- 
bearing capacity of the material increases, until it reaches its maximum, 
and it will then decrease. Some of the alloys as well as concrete are 
typical in that respect. In most structures the initial safety factor is the 
largest and after the structure goes into service the safety factor decreases 
gradually. Taking into consideration only the decreasing stress-carrying 
capacity with repeated loadings, the initial or maximum safety factor in 
many cases may be twice as high as that which will obtain after a definite 
time period. The difference will be still greater if the changes in material— 
its corrosion or deterioration—are considered. 

If these conditions are realized it should be clear that a simple statement 
that the structure is designed with a certain safety factor is not sufficient. 
The safety factor should be qualified. In structural designs in which the 
fatigue properties and the stress concentrations are neglected, the design 
safety factor represents a theoretical initial safety factor, which actually is 
not attained even at the initial period. 
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The safety factor specified in modern aviation designs in which the fatigue 
properties and stress concentrations are considered, represents the actual safety 
factor which the structure will have at the end of its useful life, the initial 
safety factor being higher. The selection of the proper safety factor requires 
considerable engineering judgment. Too high a factor will result not only in 
an uneconomical structure, but will make it difficult (as, for instance, in long 
span bridges) or even impossible (as in aviation), to design a structure that 
could fulfill its functions. The danger of too low a safety factor is obvious. 
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In practical applications the safety factors vary between 1.25 and 4.0 and often 
are even higher. It seems only reasonable to accept lower safety factors for 
more refined designs and to accept high factors for less refined designs in 
which only the initial theoretical safety factor is considered. 

Region of Permissible Stress Variations—The data given in a 45° dia- 
gram may be applied to a design if the proper reductions are applied. Fig. 11 

60 shows the method of applying 
reductions. It is based on data 
KP given in the previous diagrams 
Vf | Hy on tests made on highly polished 
f small-sized specimens. 
| Part of the reductions must 
| be applied to the stress varia- 
\ tions. The first reduction ap- 
Ka plied takes care of the differ- 
ence between the size of the 
testing specimen and the actual 
structural elements, and _ the 
possible difference in their prop- 
erties. A small reduction in 
stress variations should take 
care of the usual difference in 
sizes. An increased reduction 
would be necessary if there is a 
difference in properties of the 
test specimens and the material 
actually used. 
The next reduction shown in 
Fig. 11 should take care of the 
0 1 Fete ane 30. - Peers 60 difference in surface conditions 
Fic. 11.—Faricue Diagram ror Potisnep Of the test specimens and the 
alin tlie actual element. This reduction 
should be again applied to stress variations and should be taken from a dia- 
gram similar to the one shown on Fig. 5, giving, for instance, the reduction 
between highly polished and machined specimens. 

The final reduction will be the safety factor reduction, which should be 
applied to the maximum value of stress left after the previous reductions 
were applied. The area finally left, shown in Fig. 11, will give the region of 
permissible stress variations, which should govern the design. 
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ConcLUSION 


During the last few decades the theoretical bases of Structural Engineering 
have been very much standardized and have changed slowly. Structural engi- 
neers used ordinary mild steel and there was no particular need of refinement 
in material or in methods of design. At present, there seems to be a gradual 
change in conditions, making advisable a more critical attitude. 

Conventional designs neglect stress concentrations, fatigue, and creep 
phenomena, and assume perfectly elastic properties of the materials. Such 
designs are idealized, presuming a mode of load application and jointing 
(which in the majority of cases may not be approached), and the use of 
non-existing ideal materials. 

It is only natural that the development of engineering science should have 
started with the simplified, idealized conditions, and that at present the trend 
is toward evaluating the adjustments that are necessary in order to force 
the idealized and the actual conditions into a better agreement. 

A clear visualization of these conditions will make possible the determina- 
tion of the degree of refinement in the theoretical design that is practical and 
reasonable. There is a widespread belief that better designs are obtained if 
the conventional theories are applied and extended to cover a number of 
possible secondary influences. ; 

Considerable time may be spent and very elaborate theoretical values 
obtained, which may represent a very refined extension of the conventional 
theories, but in most cases such efforts do not disclose the behavior of the 
actual structure that is not subjected to idealized loadings and is not made 
of an idealized material. 

The conventional theories being only an approximation, the further exten- 

sion of such approximate theories will result, in many cases, in larger discrep- 
ancies between the evaluated and actual behavior of the structure. More 
refined designs will involve additional engineering work, and it is desirable 
at least to indicate the methods by use of which the additional time invested 
in a design will bring returns in assuring a closer agreement between the 
evaluated and actual conditions. This purpose may be stated as the designing 
of structures in which the evaluated and the actual safety factors are 
identical. 
' The paper records an attempt to outline broadly the factors that should 
be taken into account. In the following papers of the Symposium some of 
the points mentioned in this paper are developed more authoritatively and in 
more detail. It is believed that at present the developments are too fluid 
to be stated in terms of definite rules and recommendations, although there 
is a possibility that the static conditions of the past will not return for many 
years. In that event, the structural engineer must change his attitude in 
line with that of the more advanced branches of engineering. 
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TESTS OF ENGINEERING STRUCTURES 
AND THEIR MODELS 
By R. L. TEMPLIN:, M. Am. Soc. C. E. 


SYNOPSIS 


The scope of this paper is limited to tests of structural members, involv- 
ing the determination of deflections, stresses, and general behavior under 
given loads, of engineering structures and their models. Following mention 
of the purposes and types of the tests made, is a discussion of the details of 
the methods used. Consideration is given to similarity conditions, model 
materials, testing apparatus, and testing technique. Reference is made to 
specific examples of tests of actual structures, and of small-sized and over- 
sized models. The results from an over-sized model example are given, 
illustrating the various purposes mentioned. 

From consideration of the factors affecting structural tests of engineering 
structures and their models, and the results obtained from such tests, it is 
concluded that the purposes enumerated can be fulfilled if proper considera- 


tion is given to actual departures from strict similarity conditions. 


TYPES oF ENGINEERING STRUCTURES AND Tests to Br CoNnsSmERED 


Within recent years there is evidence of an increase in the number of 
engineering structures that are tested, either during or after construction, or 
‘both, under definitely imposed conditions of loading. Although these tests 
have been made with some differences in purpose, in general, they have been 
conducted with the intention of checking the design assumptions, postulates, 
and calculations. Examples of such tests may be found in the publications 
‘of the Society, particularly in the Transactions for the past seventeen years 
(1919-1936). Tests of the kind referred to, frequently afford a very satisfac- 
tory accelerated method for revealing the adequacy or inadequacy of the 
structures in lieu of the more generally used tests of time and service. 

The types of structures that may be tested include essentially all those 
made of engineering materials with apparently no serious limitations being 
imposed by size, use, or location. The scope of this paper, however, will be 
‘restricted to structural tests involving determination of deflections, stresses, 
and general behavior under given loads. 

- The designs of most modern engineering structures are based on: (1) Some 

given over-all dimensions; (2) certain physical properties of the materials 

involved; (3) assumed conditions of loading; (4) analyses of stresses, deflec- 

tions, and stability; (5) empirical rules; (6) “engineering judgment” with 
4Chf. Engr. of Tests, Aluminum Co. of America, New Kensington, Pa. 
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“suitable” allowances for safety; and bees! with (7) consideration of the 
economics involved. 

When an engineering structure performs the expected duties throughout 
or beyond its estimated life, it is generally considered a successful engineer-: 
ing project. Most engineering structures have successfully fulfilled their: 
designers’ intentions, but this does not mean, necessarily, that the actuali 
behavior of the structures under service conditions, or the magnitude of thes 
stresses throughout the various parts of the structures, have been in closes 
agreement with the assumed or calculated values. Although many engineers: 
are familiar with the assumptions involved in the design of a given structure,: 
there seems to be a lack of data to show quantitatively the discrepancies: 
between the actual behavior either of the structure as a whole or of its: 
various parts and the predetermined theoretical values. The quantitative: 
effects of the errors involved in the usual assumptions made concerning: 
isotropy and homogeneity of materials, Hooke’s law, continuity, and fixity; 
are often difficult to evaluate. 

In order that a better understanding of these factors, as well as of many} 
other factors involved in the behavior of some engineering structures, either! 
under arbitrarily imposed or actual service conditions, may be had, tests have: 
been made on actual structures or on their models. In the majority of cases; 
the results obtained from such tests have indicated quite definitely that this: 
field of endeavor might be considerably enlarged with consequent advantages: 
to all concerned Among the various advantages that might be anticipated,| 
would be more efficient, safer, and, probably, more economical structures. 

Purpose of Tests—Tests of actual structures are usually made for any’ 
or all of the following purposes: (1) Checking the analysis against the actual. 
behavior of the structure under known load conditions; (2) checking the: 
actual behavior of the structure under service conditions; (8) providing data, 
to be used as a basis for changes in design rules; and (4) checking the: 
efficacy of any alterations made in an existing structure. 

Tests of models of engineering structures may be made for any or all of. 
the following purposes: (5) To check analysis by actual measurement of the 
behavior of the model under known load conditions; (6) to provide data to be 
used as a basis for changes in design rules; (7) to check the efficacy of any 
proposed alterations in a given construction; (8) to supplement theoretical 
analysis by experimental analysis; (9) to avoid theoretical analysis by experi- 
mental analysis; (10) to provide an easier, quicker, and usually a less expen- 
sive means of obtaining the desired information, than would be the case if 
the actual structure were tested; and (11) to provide a means for studying the 
behavior of a design under loading conditions not possible with a full-sized 
structure. 

Types of Tests.—Types of mechanical tests which may be conducted with 
the foregoing purposes in mind, may be subdivided into two general classes: 
(a) Static; and (b) dynamic. 

Under static tests may be included the determination of strains (and, 
from these, stresses) and deflections, at critical points or throughout the 
structure, resulting from known conditions of loading. 
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Dynamic tests include those involving the measurement of strains (and, 
hence, stresses) and deflections resulting from the impact of moving loads, 
as well as the determination of the natural vibration frequencies of various 
parts of the structure, or of the structure as a whole. 
In both types of tests it should be emphasized that the stress and deflec- 
tion values obtained, represent changes resulting from the conditions imposed, 
and although corrected for “no-load” or “dead-load” or “at-rest” conditions, 
~ should not be designated as “true” or “absolute” stress or deflection. Even a 
limited understanding of the strains induced in materials, especially metals, 
during production, and in the actual structure by fabrication and erection, 
would mitigate seriously against the use of such appellations unless heterodox 
definitions of their meaning are to be accepted. 


Test Meruops 


Size of Models and Materials Required—Considerable discussion has 
appeared in technical literature concerning the laws of similarity to be 
followed when using models to analyze the behavior of engineering structures. 
The papers by B. F. Groat®, M. Am. Soc. O. E., and the discussions pertaining 
to them, have emphasized the. theoretical requirements for models which are 
intended to comply with strict similarity conditions. In these same discus- 

sions it has been shown that one may make some departures from the ideal 
conditions and yet obtain worth while results. The writer is quite in agree- 
“ment with the latter idea after a number of years of experience in the use of 
models to assist in analyzing engineering structures. Although it is recog- 
“nized that extensive tests of actual-sized structures are preferable in many 
instances, for obvious reasons, they are often impracticable and, in some in- 
' stances, impossible. Supplementary partial tests on actual structures fre- 
quently afford a satisfactory final check on both theoretical and experimental 
analytical studies, as, for example, those made on the towers of the George 
Washington Bridge’. 
Models of engineering structures are generally thought of as being 
smaller than their prototypes. This need not always be the case, however. 
In some instances over-sized models can be, and have been, used to advantage. 
' An example of tests on an over-sized model will be cited subsequently. Irre- 
spective of whether the model size chosen is larger or smaller than the proto- 
type, conditions of testing, in most cases, can be controlled to better advantage 
than in the case of tests of actual structures. 

Models Made of the Same Material as the Prototype.—As indicated by 
Mr. Groat® an engineering model should be one which is scaled down, or up, 
in such a way that the dimensional and time requirements explained in his 
paper are fulfilled. These are theoretically ideal conditions which are very 
difficult to comply with in actual practice. Consider, for instance, a model 
of a truss in which structural members are fastened together by means of 


5 “Tee Diversion, Hydraulic Models, and Hydraulic Similarity”, Transactions Am. Soe. 
Se Hie, Vol. LXXXIT (1018), p. 1138, and “Theory of Similarity and Models’’, Loc. cit., 
Vol. 96 (1932), p. 273. 

6 Transactions, Am. Soc. C. B., Vol. 97 (1933), p. 181. 
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gusset-plates. If the model is a photographic reproduction of the prototype, 
the cross-sectional areas of all the members will be changed in the proportion | 
of the square of the scale ratio, but the moments of inertia of the members: 
will be changed in a different proportion. The stiffness factors of the mem-- 
bers—that is, the moment-of-inertia-to-length ratios of the various members— 
however, will be changed to still another scale. The stiffness of the gusset- - 
plates will be changed to a scale different from that of the cross-sectional 
areas. Consequently, when the various members are considered individually, 
the degree of end restraint will not be the same as in the prototype, and the » 
behavior of the various members of the model, under combined axial loads and 
bending, will be different from that of the corresponding members of the 
prototype. 

In the laboratories of the Aluminum Company of America, at Newry 
Kensington, Pa., the procedure of testing models of structures has been to) 
consider the model itself as a structure and to make a combined analytical | 
and experimental study of it as such, to determine its behavior under various § 
types of loading. By so doing, all the factors introduced are treated auto-- 
matically in the light of their proper magnitude, so that when the prototype * 
is being studied, the various elements entering into the behavior of the struc- - 
ture are not considered by simply applying a scale factor to the results of the > 
model tests, but the various factors and considerations are included in ai 
detailed analysis. In joining various members to make an assembled struc- - 
ture, it is impossible to reproduce, in a small or in a large model, the same > 
conditions that are normally obtained in the actual construction of its; 
prototype. Therefore, the effect of connections cannot be determined reliably ' 
from small or large models unless all the factors entering into the determina- - 
tion are known. This is especially true in connection with loads which: 
normally will produce fairly high stresses in the prototype and may cause a! 
local yielding of the material, whereas, in a small model of the structure, in| 
which the stresses are scaled down automatically, this local yielding does : 
not occur. 

In many models which depend for load upon their own dead weight, or - 
on the weight contained within them, it follows inevitably that if a direct | 
scale reproduction of the prototype is made, the resultant stresses in the - 
various parts of the model structure will be changed also, to the same scale - 
ratio. This procedure makes any measure of strength obtained from models : 
of this type very ineffective, unless analytical work involving all the variable 
factors is carried on and used as a basis for interpreting test data. 

In many structures the ultimate safe load that can be supported depends | 
upon the stability of the structure as a whole, or of some of its parts. In 
general, the stress at which a particular member becomes unstable, is a fune- 
tion of the proportions of its parts; as, for instance, the stress at which a thin 
outstanding plate buckles is directly proportional to the modulus times the 
square of the ratio of thickness to the outstanding width. Thus, the stress 
at which an outstanding flange would become unstable would be the same 
for a prototype or a model, with the result that if the stresses in the model 
are changed as the scale ratio, a false sense of stability is obtained. 
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Models Made of Materials Different from Those of the Prototype.—It may 
be desirable to make models of an engineering structure from a material 
different from that of the prototype, so as to: 


(1) Correct for the stresses that actually occur in the model; that is, 
_ the ultimate strength of the material for the model should be changed to the 
same proportion of the actual stress under test as the ultimate strength of 
the prototype bears to its actual stress in service. 

(2) Correct for the stability; that is, to have a material with a modulus 
sufficiently low, so that the stress at which the various component parts will 
become unstable bears the same relationship to the stresses in the model, as 
the stress at which the prototype becomes unstable bears to the actual 
stresses in it. ; 


(3) Correct for the different relative distribution of direct stresses, bend- 
ing, and shear, by having either auxiliary loads or a composite model made 
up of two materials so that resistance to shear and bending of the model will 
be the same as that in the prototype. 

(4) Correct for the relative proportion of dead and live weight in the 
model and in the prototype. In this event the specific gravity of the model 
should be comparable to the specific gravity of the prototype. 

(5) Provide the same distribution of stress in two-dimensional or three- 
dimensional models. This requires the Poisson ratios for the materials in the 
model and the prototype to be equal. 


In order to interpret model studies, Factors (1) to (5) must be con- 
sidered in connection with the theoretical similarity studies indicated in 
Mr. Groat’s papers previously cited, because, if any one of the conditions 
enumerated is violated, it may be that a direct comparison cannot be made 
between the model and the structure. Since it is practically impossible to 
fulfill all these conditions simultaneously, it becomes necessary to supple- 
ment model studies with adequate theoretical analyses in order to take into 
account the effects of the various factors. 

In selecting the size of model to be used, consideration should be given to 
the size of the testing apparatus available and the magnitude of the strains 
and deformations to be measured. Even if specially designed apparatus must 
be used, for any given tests, limitations will be imposed, which must be 
recognized if the desired results are anticipated. 

Testing Apparatus.—In the testing of actual structures or models it is 
customary to apply either static or dynamic loads, or both. In the case of 
static loads applied to actual structures, dead weight of one form or another 
is frequently used. Almost any form of available material, of suitable 
density, may be used for such loading, but care should always be taken to 
insure that the load is applied to the structure in as close agreement as 
possible with the assumed conditions of application, or in accordance with 
service conditions (preferably both), if close agreement between calculated 
and actual values is anticipated. The method sometimes used for loading 
both actual structures and models, is a cause of a considerable number of 
the discrepancies observed. There are numerous methods, other than dead 
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weight, for applying loads to the structure being tested; for example, cali- : 
brated hydraulic jacks or springs can often be used to advantage. In the | 
case of laboratory tests, some arrangement such as that used in the Materials 
Testing Laboratory of the University of Illinois’ is worthy of commnenys 
A part (231 ft by 120 ft), of the concrete floor of the laboratory is heavily 
reinforced and provided with suitable inserts at regular intervals, into which 
may be screwed tension bolts that furnish the necessary reactions for any 
structure to be tested. When the structure is restrained by this method 
it may be loaded with dead weights and levers, or hydraulic jacks or springs 
with load-indicating devices. 

When the structure to be tested can be put in a testing machine, the load- 
ing problems are usually very much simplified, although under such condition 
restraints may be applied to the structure under test, that are not in strict 
accordance with the assumed or desired loading conditions. The torsional and 
bending resistances offered by testing machines in the test of columns, using 
any type of heads except those substantially free from friction, is an example. 
The spherical heads usually provided with commercial testing machines are not 
substantially free from friction while under load. Furthermore, considerable 
lateral restraint is imparted to beams by testing machines when using the 
testing procedure generally followed, and this lateral restraint may appreciably 
affect the test values obtained. 

Changes in the strains occurring in the various parts of a structure may 
be determined by using any one or more of a variety of strain-gages. Although 
a number of such instruments of different sizes and types are available com- 
mercially, special designs are evolved, occasionally, to meet particular require- 
ments. The types used may be classified as mechanical, electrical, optical, 
acoustical, or some combination of the four. Some of the instruments are 
intended to be applied manually to the structure while making an observation, 
and then removed. Others are attached permanently for the duration of 
the test. Both indicating and recording (intermittent and continuous) types 
are available. Some can be read locally only, whereas others permit of 
distant observation. 

The instruments to be selected for field use, in most instances, should 
be more rugged than those which may be used in the laboratory. Increased 
ruggedness of design, unfortunately is frequently accomplished at a sacrifice 
of sensitivity or accuracy, or both. Temperature effects are often negligible 
under laboratory conditions of test, but must be considered carefully in the 
field; thus, certain parts of the better field types of strain-gages are made 
of invar. Even so, such types of instruments should be checked with suit- 
able standard bars to correct for residual temperature effects as well as for 
incidental maladjustments. An example of the consideration which should 
be given to a selection of strain-gages may be found in the report of the 
Committee on Arch Dam Investigation’. 


‘Described in pamphlet issued b 
of the Laboratory, May 2, 1930. 


* Proceedings, Am. Soc. C. E., Vol. LIV, Pt. 3, May, 1928, p. 64. 


y Univ., of Illinois for distribution at the dedication 
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Regardless of the type of strain-gages selected, considerable attention 
should be given to the details of the methods of applying the instruments 
to the gage lines, throughout which the changes in strain are to be measured. 
For those strain-gages which require holes at the ends of the gage length, 
variations in the size and condition of the edges of the holes used affect both 
the accuracy and the sensitivity of certain instruments more than others, 
depending on the mechanical design of the instrument. When clamps or 
machine screws are used for attaching the instruments, appreciable errors 
may occur because of an indeterminate degree of restraint in the apparatus. 
The method of attachment sometimes used with some types of tensometers, 
or strain-gages, are examples. 

The sensitivity, accuracy, and total range of available strain-gages vary 
appreciably, and, therefore, deserve careful consideration from the view- 
point of what is desired in any given test. Just because a strain-gage is 
sensitive to - 0.00001 in. per in., it should not be inferred that the instrument 
is accurate to the same degree. Quite frequently the limit of accuracy will be 
- found to range from three to thirty times this value. The total range of an 
instrument may become a limiting factor when attempting to measure large 
strains. Some of the instruments, notably those of the optical type, have 
very limited total ranges or give values for large deformations which may 
include appreciable errors that would be negligible in the case of small 
deformations. There are a number of other details which should be given 
consideration in the application of strain-gages to a structure, which will 
be dependent on the particular instrument used, as well as on the test condi- 
tions. Only a few of the more important factors involved have been mentioned, 
~ for the purpose of emphasizing the need for attention to such details if the 
best results are desired. 

Measurements of the deflections of structures, or of their component 
parts, require first a definition of the desired quantities with respect to some 
given datum planes or bench-marks. Under test conditions, the reference 
planes or marks should remain fixed or, if they do move, both the magnitude 
and direction of such movement should be known. Deflections of a beam, 
for example, are best determined by reference to points on the neutral axis 
directly over the centers of the supports, and deflections of a pin-connected 
truss by reference to centers of the end pins at the supports. Deflections 
of a concrete arch dam, however, might be construed as including deflec- 
tions of the arch proper, the movement of abutments and of that part of the 
canyon affected by the load on the structure, with reference to fixed points 
beyond the influence of the structure and its load. There are excellent oppor- 
tunities for both confusion and errors, in attempting to interpret given 
deflection values for structures, where there is evidence of lack of appreciation 
of- the requirements for proper reference planes or points 

The instruments for deflection measurements are so varied in character 
and type as to preclude any discussion other than mere mention of a few of 
those more commonly used: Scales, micrometer screws, dial-gages, tapes, 
plumb-lines, levels, theodolites, and combinations of some of these devices. 
Likewise, their sensitivity and accuracy vary over wide ranges. It will 


« 


1162 TESTS OF ENGINEERING STRUCTURES Papers 


suffice for the purposes of this paper, to emphasize the necessity for selecting 
suitable deflection-measuring apparatus with regard to the character of the 
values to be determined and the desired accuracy, rather than let the choice 
depend entirely on availability of equipment. Deflection measurements, when 
properly made and correlated with known loading conditions, may, and gen- 
erally do, give reliable data on the behavior of a structure and serve as a 
valuable check on the theoretical or experimental analysis. 

All the measuring devices used in testing structures should be calibrated 
by comparison with acceptable standards, preferably those furnished by the 
National Bureau of Standards, U. S. Department of Commerce, Wash- 
ington, D. C. Many types of measuring instruments, such as strain-gages, 
change with use because of wear in the moving parts or accidental misuse. 
In such instances, additional calibrations should be made at intervals, 
depending on the specific instrument and the usage it has received. Calibra- 
tion devices suitable for checking load, strain, and deflection-measuring 
apparatus, are available, and can be certified as to accuracy by the Bureau 
of Standards, and then used by any one possessing them, for calibrating the 
instruments for which they are suited. The degree of accuracy of measure- 
ments, suggested by so much attention to calibration of apparatus, may not 
be in harmony with some of the tests of structures heretofore made; but in 
conformance with the idea of attempting to enhance, materially, the value 
of experimental analyses of structures, it is believed that more attention 
should be given to details of calibration of the instruments used. 

Testing Technique.—In the testing of structures, the errors arising from 
the personal equations involved in the manipulation of the instruments used, 
must be considered, in addition to those already mentioned. The magnitudes 
of these errors usually become less, at a diminishing rate, as the experience of 
the observer increases. Some data exemplifying the magnitude of the personal 
errors, involved in strain-gage measurements, are shown in Fig. 12. The 
ordinates of these curves represent the differences in the lengths of the gage 
lines determined from two readings, and the abscissas represent the percent- 
age of the total number of gage lines on which differences in readings did not 
exceed values indicated by ordinates. The data were selected at random from 
a large mass of similar data available. Fig. 12(a) shows a comparison of 
data obtained by two different observers using the same 2-in. strain-gage, on 
gage lines located on horizontal, vertical, and oblique surfaces. The data 
shown represent measurements on 536 gage lines by Observer A and on 569 
gage lines by Observer B. In Fig. 12(b), the group of readings by 
Observer B has been broken down with respect to position in order to show 
how that factor affects the personal equation involved. Fig. 12(c) shows 
a comparison of results obtained by two different observers, one using a 2-in. 
strain-gage and the other a 10-in. strain-gage of a different type. The data 
given are from measurements taken on 1050 gage lines by Observer 0 and 
on 310 gage lines by Observer D. 

Observed values obtained during the tests of structures, must be corrected 
frequently or adjusted to compensate for changes occurring in the test con- 
ditions, such as rise or fall in temperature. Just how to make corrections 
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for these changes, often presents problems that are not susceptible of accurate 
solutions. In the case of strain measurements, it is rather common practice 
to use reference specimens of the same material as the structure, similarly 
exposed to the same elements causing change in temperature, so that the 
changes in the gage lines on the specimens will be caused only by temperature, 
time, and the coefficient of expansion of the material. The observations made 
on these reference specimens are used to adjust the measurements made on 
the structure, usually on the assumption that there has been a linear change 
in temperature between times of observations on the reference specimens. 
Such a procedure may introduce errors of magnitude which will depend on the 
discrepancies existing between actual and assumed conditions. Another pro- 
cedure is to attempt to select a location on the structure being tested, at 
which there will be no stress induced by the loads imposed, and yet where 
temperature changes similar to those in the remainder of the structure will 
occur. At this location a gage line may be placed which will serve as a means 
for obtaining temperature correction values. It is often difficult, however, 
to select a location where there would be no doubt about the absence of strain, 
resulting from the loads imposed on the structure. Still another method 
involves the use of invar reference bars for checking the instruments used, 
temperature corrections being calculated from the measured temperature 
changes and the coefficient of thermal expansion of the materials. Notwith- 
standing the difficulties presented by temperature changes beyond control, 
experience has shown that in most instances the test data can be reasonably 
adjusted to compensate for these effects and give quite satisfactory results. 

In selecting the size of strain-gage for use in tests of a structure, con- 
sideration should be given to the radius of curvature of the surfaces on 
which the gage lines will be located, in the plane of the gage line. If the 
radius of curvature changes appreciably during successive observations, 
apparent strain values will be obtained, which cannot be reduced to stresses 
by the usual procedure of multiplying strain by modulus of elasticity. 
Measurements taken on thin plates where local buckling occurs, may indicate, 
erroneously, exceptionally high or low stresses, depending on the change in 
radius and direction of curvature of the plate. The use of strain-gage read- 
ings at any given location, on opposite surfaces, is generally necessary in 
order to obtain a correct picture of the stresses at that location. Furthermore, 
when strains are to be measured in regions of high concentration of stress, 
or where steep stress gradients occur, it is desirable to use as short a gage 
length as possible so that the magnitude of the stresses may be determined 
within satisfactory limits. These instances serve to emphasize the point that 
a selection of a suitable size of strain-gage (or gage length), on the basis of 
the sensitivity and accuracy of the instrument itself, does not always insure 
accurate values for stress measurements. 


Sprciric ExamMeies 


To illustrate some of the points raised in this paper, reference will be 
made to a number of specific examples illustrating cases where the various 
types of information previously listed have been obtained. 
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Actual Structures.—The tests made on the Hell Gate Bridge’ comprise an 
example of those made for the purpose of checking analysis by measurements 
on the actual structure. The field tests referred to in the reports of the Special 
Committee on Stresses in Railroad Track” and of the Special Committee on 
Impact in Highway Bridges”; and the tests made on steel railway bridges” 
are examples of checking the actual behavior of structures under service 
conditions. The tests made on Stevenson Creek Dam™ were instituted for 
the purpose of providing new experimental knowledge that would assist in 
better design rules for such structures. Extensive strain and deflection 
measurements, made on the Santeetlah pipe line“ afforded a very satisfactory 
check on the efficacy of alterations made in the design of stiffener rings and 
supports after partial collapse of the structure during its initial use. 

Model Tests.—Tests made on the model of Boulder Dam” are an example 
of those made to check the analysis by actual measurements of the 
behavior of a model under given load conditions, <A series of models of pipe- 
line designs were made in connection with the investigation of the Santeetlah 
pipe line“ for the purpose of providing data to be used as a basis for changes 
in the design rules. 

One of the purposes of the tests by Wilbur M. Wilson”, M. Am. Soe. C. E., 
on multiple-span concrete arches with and without decks, was to check the 
efficacy of variations in a given type of construction. The model tests in con- 
nection with the George Washington Bridge towers”, were made to supplement 
theoretical analysis by experimental analysis. The model tests of multiple- 
span arches conducted by George E. Beggs", M. Am. Soc. OC. E., offered a 
means of avoiding theoretical analysis by experimental analysis. Substan- 
tially all the tests on model dams are examples of efforts made to provide 
easier, quicker, and usually less expensive means of obtaining the desired 
information than would be the case if the actual structures were tested. 
Model tests made for the purpose of predicting the behavior of a falling dam” 
afford a good example wherein the use of models was a means for studying the 
behavior of a design under loading conditions not possible with the full-sized 
structure. 

Numerous examples of models made from materials different from those 
used in their prototypes, may be found upon reference to the technical litera- 
ture. A single example only, has been selected to exemplify each of the five 
reasons for using different materials, previously cited. Because aluminum 


‘models were used in the tests made in connection with the investigation of 


the Santeetlah pipe line“, it was necessary to correct for the stresses that 


’ Transactions, Am. Soe. C. E., Vol. LXXXII (1918), p. 1040. 

Ww Loc. cit., p. 1191; and, also, Vol. LXXXIIT (1919-1920), p. 1409. 
1 Loe. cit., Vol. 95 (1981), D. 1089. 

1 Bulletin, A. R. B. A., Vol. 37, No. 380, October, 1935. 

13 Proceedings, Am. Soe. C. E., May, 1928, Pt. 3. 

14 Transactions, Am. Soc. C. B., Vol. 98 (1983), p. 154. 

16 Hngineering News-Record, April 7, 1932, Vol. 108, No. 14, p. 494. 
16 Transactions, Am. Soc. C. B., Vol. 100 (1935), p. 424. 

1 Loc. cit., Vol. 97 (19388), D. 179. 

38 Loc, cit., Vol. 88 (1925), pP. 1208. 

Ww Civil Engineering, July, 1932, Vol. 11, No. 7, p. 415. 
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actually occurred in the model. The series of model tests conducted by H. i. 
Saunders and D. F. Windenburg for determining the strength of thin-walled 
structures” included corrections in the loads applied in order to give the same 
effective stability in the models as in the prototype. The model tests™ by the 
late A. H. Beyer, M. Am. Soc. C. E., and Mr. A. G. Solakian, wherein photo- 
elastic methods were used to analyze stresses in composite materials, involved 
a choice of materials to correct for the different relative distributions of 
stresses, by using composite models of aluminum and bakelite. A special 
material was developed and used in the model tests of Calderwood Dam®* 
for the purpose of correcting for the relative proportion of dead and live load 
weight in the model and in the prototype. The material used for a model of 
Boulder Dam™ was selected, among other reasons, because it had a Poisson’s 
ratio substantially the same as the concrete which would be used in the 
prototype. 

Over-Sized Models Tests—In each of the foregoing examples of model 
tests the size of the model was smaller than its prototype. In certain 
instances, however, more satisfactory 
results can be obtained by the use 
of over-sized models. The results 
from such experimental tests, made 
on what may be considered an over- 
sized model of a filleted, re-entrant, 
90° corner, will be given as an 
example of such tests. The reason 
for using an over-sized model in 
this particular case was that with 
such device it was physically pos- 
sible to obtain the stress distribu- 
tion with available strain-measuring 
equipment, whereas, the usual full- 
sized re-entrant corners are so small 
as to make strain measurements 
quite difficult and unsatisfactory. 
Fig. 13 is a view showing the 
method used in testing a series of 
specimens cut from a plate 175 in. 
thick. The material used for these 
Fic, 13.—ViIEW SHOWING MuTeou USED IN a Was /<)8 0 Rieo- eet 
‘Testinc 90 Drcren, Re-ENTRANT, ANGLE aluminum alloy (17S-T)™ plate 

SERRENS: (Young’s modulus = 10300000 Ib 
per sq in.; and the proportional limit = 20000 lb per sq in.). The specimens 
were loaded in a testing machine having seven different capacity ranges, vary- 
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* Journal of Applied Mechanics, A. S. M. E., December 15, 1932, Vol. 54, No. 23, p. 263. 
4 Transactions, Am. Soc. C. H., Vol. 99 (1934), p. 1196. 

* Loc. cit., Vol. 100 (19385), p. 185. 

*% Loc. cit., p. 240. 
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ing from 400 to 40 000 lb, but in this particular series of tests the range chosen 
was the lowest that would give the desired load. In all cases the load could be 
determined within + 1 per cent. The machine was previously calibrated in 
accordance with Tentative Methods of Verification of Testing Machines of the 
American Society for Testing Materials”. 


Two tensometers, having 0.5-in. gage lengths and magnification ratios of 
2.000:1, were used to determine the strains. The instruments were placed 
in corresponding positions on opposite faces of the specimen, and the readings 
were averaged to take care of any variations that occurred throughout the 
thickness of the specimen. The magnitude of the load applied, in any 
instance, was that which would give a readily observable maximum strain 
value but was insufficient to distort the specimen permanently. To insure 
against permanent distortion and partly to provide measurements of the actual 
distortion under load, the distance from the line of action of the force to 
the center of the face of the fillet was measured in each test, using the taut 
wire shown in Fig. 13, and a suitable scale. In addition, the spread of the 
angle was measured by means of a 10-in. strain-gage, on a gage line parallel 


Deflection 3 


0.0154-Inch Spread 


Fic. 14.—DistTRIBUTION AND MAGNITUDE OF SPRESSHS IN Ru-EnTRANT 90-DEGREE ANGLE 
SprciMEN HavinG 3-INCH RADIUS FILLET 


to the direction of load application. The tensometers and the 10-in. strain- 
gages were previously calibrated, using a device described elsewhere”, and 
found to be correct within + 0.000015 in. per in. 

Observations were made under no-load and full-load conditions throughout 
most of the tests. Special tests, however, were made for the purpose of 


* Proceedings, A. S.T.M., Vol. 35, 1935, Pt. I, p. 1303. 
26 Loc. cit., Vol. 28, 1928, Pt. II, p. 714. 
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demonstrating that the load-strain relationship on any given gage line, 
throughout the range of loads used, remained a linear one, thus making it 
necessary to determine two points only (no-load and full-Ioad), to define the 
complete load and strain relationship at any point. The special tests also 
showed that the distortions of the specimens varied directly with the load. 

Fig. 14 shows the magnitude and direction of the stresses obtained from 
one of the test runs made. The small arrows are on the locations of the 
various gage lines, with diverging arrow-heads indicating tension along 
the gage lines and converging arrow-heads indicating compression. Stresses, 
in pounds per square inch, along the gage lines, are indicated by the numbers 
directly adjacent to each line. The directions and magnitudes of the stresses 
at points away from the edges of the specimen were obtained by measuring 
strains on rosettes”. The magnitudes and directions of the stresses at such 
points were determined by the dyadic circle method.” : 

With these data available on a series of angles of different proportions, 
a stress concentration factor was determined, as shown in Fig. 15. This 
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stress concentration factor, denoted by K, has been defined as the ratio of 
the actual measured maximum stress in the fillet, to a nominal stress which 
may be computed readily. This nominal stress, S;, is that computed for the 
inner edge of one leg of the angle at its intersection with the other leg, 
assuming no fillet and no stress concentration. When values of K were 
plotted against the ratios of width of specimen to radius of fillet, (. ’ 

maf 
a straight-line relationship was obtained from which it was found that for 
the specimens tested, the stress concentration factor could be expressed by the 
equation, 


For other loading conditions different stress concentration factors would be 
obtained. 
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An experimental study of this same type of problem has been made by 
means of photo-elastic methods”. In this connection, it is interesting to note 
that with a slight modification of the procedure and technique of strain meas- 
urement on over-sized models, it would be possible to extend the stress con- 
centration studies to the case of local bending in the outstanding legs of 


structural shapes, whereas the photo-elastic methods are definitely limited, at 


present, to studies in a single plane. 

Over-sized model tests were also found very useful in evaluating the 
strains occurring in multi-stranded cables under conditions of vibration”. 
In this particular instance the experimental analysis was supplemented by 
theoretical analysis and the two correlated very closely indeed. 


ConcLUusIONS 


From a consideration of the factors affecting structural tests of engineer- 
ing structures and their models and the results obtained in many instances, 
from such tests, it may be concluded that: 


(1) Tests of actual structures can be made, which will yield satisfactory 
results when the purposes of such tests are: (a) Checking an analysis by 
observing the actual behavior of the structure under known load conditions; 
(b) checking the actual behavior of the structure under service condi- 
tions; (c) providing data to be used as a basis for changes in design rules; 
and (d) checking the efficacy of any alterations made in an existing structure. 

(2) Tests of models can be made which will give satisfactory results 
when the purposes of the tests are: (a) To check an analysis by actual 


measurement of the behavior of the model under known load conditions; 


(b) to provide data to be used as a basis for changes in design rules; (c) to 
check the efficacy of any proposed alterations in a given construction; 
(d) to supplement theoretical analysis by experimental analysis; (e) to avoid 
theoretical analysis by resorting to experimental analysis; (f) to provide an 
easier, quicker, and usually less expensive means of obtaining the desired 
information, than would be the case if the actual structure were tested; and 
(g) to provide a means for studying the behavior of a design under loading 
conditions not possible with a full-sized structure. 


In the case of tests of models the results mentioned in Conclusion (2) may 
be anticipated in most instances, provided the actual departures from strict 
similarity conditions are suitably taken into consideration when interpreting 
test observations 
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PHOTO-ELASTIC DETERMINATION OF STRESS 
BY°I2H. AY BRAHTZ, Esa. 


SyNopsis 


The purpose of this paper is to present an up-to-date picture of photo-elastic 
analysis, to discuss its applications and limitations, to show the relationship 
that it bears to other methods of stress investigations, and particularly to 
bring out the relationship that it should, and must, bear to the mechanical 
and structural designer and his problems. This is a timely subject, since 
the ever-growing acceptance of indeterminate structures, and the more expen- 
sive alloys makes it imperative to the designer that he avail himself of every 
possible means of refined stress analysis. Since this paper deals with the sub- 
ject of photo-elasticity, there is naturally considerable space devoted to 


standard methods, model materials, and technique. 


Brier History aNp Nature or Puoro-Enastic EXPERIMENTATION 


Photo-elasticity had its inception more than a century ago, when Sir 
David Brewster, in 1816, demonstrated that plane-polarized light, on travers- 
ing a flat stressed transparent specimen, underwent some peculiar change in 
its optical properties, such that when viewed through another polarizing unit, 
colored bands appeared. These bands—isochromatic fringes—he assumed 
to be a measure of the internal strains. It is now known that these fringes 
are directly related to the state of stress in the model. The fringe order is, 
in fact, proportional to the maximum shears throughout the model without 
regard to their directions, which is equivalent to stating that these fringes 
(identified as Order 0, 1, 2, 3, etc.), are directly proportional to the difference 
of the principal stresses. 

Just as engineers in the past have generally been slow in applying new 
mathematical tools, it was not until the beginning of the Twentieth Century 
that practical application was made of this physical phenomenon. An excel- 
lent treatise on this subject, covering a large nuinber of recurrent practical 
problems, has been written by Messrs. E. G. Coker and L. N. G. Filon®™ who, 
following closely the pioneer work of Mr. S. P. Thompson®, have advanced 
the art and science of photo-elasticity probably more than any other experi- 
menters, and have co-ordinated their results with parallel mathematical 
analyses based on the mathematical theory of elasticity. 

8” Director, Photo-Hlastic Laboratory, U. S. Bureau of Reclamation, Denver, Colo. 


311A Treatise on Photo-Elasticity”, Univ. Press, Cambridge, England, 1931. 


% “Note on the Application of Polarized Light to Determine the Condition of a Body 
Under Stress”, by 8S. P. Thompson and H. G, Coker, British Assoc. Repts., 1909. 
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THEORETICAL QUANTITATIVE LimiTaTIONS AND Practica QUALITATIVE 
ExTENSIONS OF THE MetTHopD 


Undoubtedly there are a large number of engineers who are only slightly 
acquainted with the subject of photo-elasticity, some of whom have very little 
faith in it as a useful tool. Probably there are others, on the other hand, 
who believe that it is a scientific achievement representing the last word in 
stress analysis, and that any problem, regardless of its nature and difficulty, 
can be put through this seemingly magic process and the answer will appear 
for them in black and white on a photographic plate. These concepts repre- 
sent the extremes, and a little clarification of some of its limitations might be 
in order so as to establish a clear idea of just what the method can do and 
what it cannot do. 

First, the photo-elastic method is a two-dimensional analysis, and the scope 
of problems must come within the classification of either plane stress or plane 
strain. For example, a buttress in a dam of the Ambursen type, or the mul- 
tiple arch, represents a case of plane stress, whereas an imaginary 1-ft slice 
taken from the center of a long gravity dam is a case of plane strain. 

Being an experimental method, coming from the laboratory, the reliability 
of photo-elasticity analysis is affected by experimental errors and the personal 
element of the experimenter, the degree to which the operator simulates model 
conditions to those in the prototype, and the care with which he manipulates 
his apparatus, will govern the probable error of his results. It is not always a 
simple matter to simulate conditions directly, or to keep the probable error 
as low as, say, 10 per cent. For instance, the maximum fringe order may be 
only four. The experimenter cannot read the fringe order in a photograph 
closer than one-fourth of a fringe and he may be in error as much as one-half 
a fringe, which is equivalent to an error of 12.5 per cent. Naturally, this 
error will be reduced to a minimum when the model is constructed of a highly 
sensitive material and is loaded close to its elastic limit. Nevertheless, to 
obtain proper similarity of model to prototype, the physical properties of the 
model material must be considered carefully. For example, if certain types 
of experiment are being conducted to simulate a steel structure, the model 
material should have an elastic modulus that is constant below the yield 
point. Now, it so happens that the materials that fit this requirement best 
are not the most sensitive, and those that are extremely sensitive do not 
behave elastically in a manner similar to steel; therefore, a compromise must be 
made in choosing a model material that strikes a mean in satisfying the 
requirements. 

Another difficulty is the uncertainty as to just what forces, reactions, and 
effects are acting on a structure. The same difficulties arise in a mathemat- 
ical analysis, in which case unknowns are assumed. It would be nice if these 
factors were always known, but they are not; for example, consider the 
restraint of the fixed ends of a beam. The fixation is probably never perfect, 
and no one knows the exact conditions. Numerous examples of this kind 
can be cited, but they are too well known. However, although these are uncer- 
tain conditions, the photo-elastic method can nearly always simulate econ- 
ditions with more accuracy than any arbitrary assumption. 


a 
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Corresponding to this indeterminacy of many boundary conditions, there is 
the difficulty of applying the true loads to models even when they are known 
exactly. Generally speaking, a concentrated load is much easier to apply than 
a distributed load, and a uniformly distributed normal load is easier to apply 
than a uniformly varying normal load or a loading involving shear forces. 
Furthermore, straight boundaries are easier to load than curved boundaries. 
These are mechanical difficulties, and the technique is constantly being 
improved to overcome them. Some new developments along these lines are 
cited subsequently. 

There are some possibilities of expanding the scope of the photo-elastic 
method in order to deal with certain three-dimensional or composite struc- 
tures (that is, structures containing materials of varying elastic properties), 
at least qualitatively. Some progress has already been made along these 
lines. In this connection mention should be made of some experiments by 
the late A. H. Beyer, M. Am. Soc. OC. E., and Mr. A. G. Solakian, in 
which they tested simple bakelite beams that contained integral cast-aluminum 
rods to simulate concrete with steel reinforcement™. 

An experiment has been conducted by Howard G. Smits, Jun. Am. Soe. 
C. E., in which he attempted to measure the shrinkage stresses in a model of a 
concrete dam by stretching the base*. Although there may be some doubt 
as to the strict legitimacy of this experiment in simulating shrinkage stresses, 
nevertheless, as he suggests, it emphasizes the necessity of developing a 
cement that can be used to combine models of different elastic properties. 
For instance, in this experiment, the base could be compressed, the dam 
glued to the base, and then the compression removed. Then tensile stresses 
would develop in the dam and corresponding compressive stresses in the base. 
Furthermore, if such a glue were developed, it would open an entire new field 
of possibilities, such as testing the stresses in a dam resting on a base that 
is either softer or more rigid than the dam itself; it would also permit the 
analysis of such problems as a hole in a plate, with a rim of thicker material 
at the edge of the hole. 


Mernops, APPARATUS, AND Moprt MATERIALS 


There is little variation in the optical apparatus used by experimenters in 
obtaining isochromatic pictures. Essentially, the instrument consists of a 
monochromatic light source, a nicol polarizing prism, a large lens or concave 
_ reflector to create a field of parallel rays in which to place the model, another 
lens or reflector to focus the rays on another nicol prism, or analyzer, and a 
camera with a ground-glass back. The reflector type has the advantage of 
requiring a comparatively smaller space; it produces a large field of parallel 
rays at relatively low cost, and allows the experimenter to view the ground 
-glass and operate the loading mechanism simultaneously. It is of interest 
to note that the reflectors are coated with aluminum, in place of the less 
durable silver, deposited by the method developed by Dr. John Strong, of the 


38 “Photo-Hlastic Analysis of Stresses in Composite Materials”, Transactions, Am, Soc. 
C. E., Vol. 99 (1934), pp. 1196, 1207. 

34 “Photo-Elastic Determination of Shrinkage Stresses”, Transactions, Am. Soe. (isi 
Vol. 101 (1936), p. 927. 
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California Institute of Technology, at Pasadena, Calif., in connection with 
the 200-in. telescope”. 

In addition to giving the value of the difference of the principal stresses 
or maximum shear, at all points in a model, the polariscope (as it is commonly 
called) also readily adapts itself to giving the directions of principal 
stresses at all points, the observer utilizing the black isoclinic lines or lines 
of constant direction of principal stresses*. In many structures the only 
stresses that are required are those at the boundaries, more commonly referred 
to by engineers as the extreme fiber stresses. These stresses can be obtained 
directly from an isochromatic picture, if at a boundary the principal stress 
required is parallel to the surface, and the other is perpendicular to it: 
these boundary stresses are equal to zero if the structure is not loaded, or 
equal to the intensity of normal pressure when loaded normally. Since the 
normal stress and the magnitude of the difference given by the isochromatic 
picture are known, the extreme fiber stress is obtained in those cases either by 
adding or by subtracting the normal load from the measured difference of 
principal stresses. When the boundaries are loaded with inclined forces, the 
isoclinic lines must be used to evaluate the boundary stresses, but this is not 
difficult. 


In order to use the photo-elastic method to determine the complete state 
of stress at interior points an auxiliary step is required in order to obtain 
the individual principal stresses. Since the difference of the principal 
stresses has already been found by means of the isochromatics, they could 
readily be separated by applying a little algebra at any point if one could, 
somehow, determine the sum of the principal stresses. This auxiliary step 
can be accomplished by several experimental methods. It is known that in a 
stressed model, the sum of the principal stresses is proportional to the change 
in thickness. This change is of an extremely small magnitude, but it can be 
measured. Coker has developed a very sensitive mechanical extensometer 
for this purpose, and Professor R. W. Vose, of the Massachusetts Institute of 
Technology, at Cambridge, Mass., has been successful in constructing a 
similar extensometer which measures the change in thickness by means of 
a small auxiliary interferometer”, which is, of course, the most powerful 
method of measuring small dimensions. An interesting academic point in 
this connection is revealed by some experiments conducted by Professor M. M. 
Frocht, of the Carnegie Institute of Technology, at Pittsburgh, Pa., in which 
he constructed a test model from a plane-parallel optical flat, and used the 
two faces of the test pieces for an interferometer. In this manner he obtained 
interference fringes directly in the model, which again are a measure of the 
sum of the principal stresses. These bands he calls isopags or isopachic lines”, 
Experiments of this type require a knowledge of Young’s elastic modulus and 
Poisson’s ratio of the model material. 


85 “Photo-Elastic Apparatus at the California Institute of Technol 
Brahtz, The Review of Scientific Instruments, Vol. 5, No. 2, epwieey cibeee hee iz 
Transactions, Am. Soc. C. E., Vol. 101 (1936), pp. 1268-1277. : tet 


%6“An Application of he Interferometer Strain-Gage in Photo- ” 
Applied Mechanics, A.S.M.E., September, 1935, pp. A-99, A-1 102. fae Soe 
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A very practical method of obtaining the sum of the principal stresses 
is by means of the stretched rubber membrane (see Fig. 16)". <A horizon tn 
rigid frame is constructed to the shape of the model and the vertical ordinates 
of the frame are proportional to the sum of the principal stresses of the boun- 


Fig. 16.—MEMBRAND PROFILOMETER (NOTE Nron Giow LigHT AND 
SwitcH IN BACKGROUND.) 


daries, which are determined from the isochromatic photographs. A thin 
rubber sheet is then stretched uniformly over the frame forming a warped 
surface, every ordinate of which is proportional to the sum of the principal 
stresses, and these can be measured with an ordinary depth gage. 


Although all these methods will accomplish the desired results in complet- 
ing the photo-elastic analysis at interior points, it is obvious that they have 
their respective advantages and disadvantages. The two extensometers 
require a quantitative knowledge of the elastic constants of the model material 
and depend on very accurate manipulation to reduce experimental errors. 
Furthermore, only one point on the model can be examined for a given posi- 
tion of the extensometer and each reading requires loading and unloading of 
the model; with a complicated loading mechanism this involves considerable 
labor. The only real objection to obtaining the isopachic lines is the cost of 
constructing the model from a relatively large plane-parallel optical flat. 
Perhaps the fastest method is the rubber membrane or soap film, but it fails 
wherever the slopes of the membrane become excessive, and the method 


a eS ae 
88 Description of membrane analogy, by J. P. Den Hartog, Zeitschrift Ange. Math, 
und Mech., Vol. II, 1981, p. 156, and Journal, Franklin Inst., July, 1933, o 5. 
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depends on very accurate determination of the fringe orders at the boundaries 
of the isochromatic photographs, which is often very difficult due to edge 
effects. 

Having briefly reviewed the standard methods of obtaining stresses in a 
loaded transparent model, it is interesting, next, to consider the various 
model materials in vogue, and their relative advantages and disadvantages. 
In general, any elastic, transparent, and isotropic material can be used. Of 
course, this excludes crystalline substances, such as mica, for example. The 
more common materials are, in the order of increasing optical sensitivity: 
Glass, celluloid, phenolite, white bakelite, yellow bakelite, marblette, gela- 
tine, ete. Of course, bakelite is the material most commonly used in the 
United States. Marblette is much more sensitive—that is, it yields more 
fringes and this reduces the probable error in reading stresses. However, 
the more sensitive a material is the more it borders upon being a semi-liquid 
substance and partly takes on the properties of a liquid, particularly surface 
tensions. For this reason, extremely sensitive materials age rapidly in the 
sense that the edges tend to round off making it impossible to read the fringe 
order on the very boundaries. Some of these materials are easier to machine 
and polish into awkward model shapes than others. Marblette and gelatine, 
for instance, can be cast. Glass, which is frequently used for obtaining the 
isoclinie lines that give the directions of principal stresses, is the most 
difficult to machine and has the added disadvantage of cracking or flying 
into small pieces while the experimenter is applying the loads. 

While on the subject of methods and model materials, a brief digression 
into body forces might be in order, covering the problem of determining the 
stresses induced in an elastic structure by its own weight or inertia forces. 
Naturally these forces cannot be used throughout the model by direct: applica- 
tion of exterior forces, but must be accomplished by some other means. None 
of the materials mentioned previously, with the exception of gelatine, is sensi- 
tive enough to produce isochromatics from their own weight with the size 
and thickness of models ordinarily used. However, gravity forces can be 
magnified if the model is set in a centrifuge and rotated at a high angular 
velocity. Some interesting studies using this method have been made by 
Messrs. Philip B. Bucky, A. G. Solakian, and L. S. Baldin, of Columbia 
University", and independently by Fred L. Plummer, Assoc. M. Am. Soc. 
C. E.*. A more satisfactory method has been suggested by Dr. M. A. Biot", 
in which he applies certain force distributions to the boundaries of the model, 
obtains the corresponding stresses, and then superposes these stresses to 
another system of theoretical stresses obtained from a simple gravitational 
stress function. The net result is the determination of stresses in the model 
due to gravity alone. This method has been used at the Laboratory of the 
United States Bureau of Reclamation, in Denver, Colo., and applied to 

*’ “Centrifugal Method of Model Testing”, Civil Engineering, May, 1935, p. 287. 


“ Transactions, Am. Soc. C. E., Vol. 101 (1936), pp. 1281-1282. 


“ “Distributed Gravity and Temperature Loading in Two-Dimensional Elasticity 


1 b i ” . 
aera & we tone. Pressures and Dislocations’, Journal of Applied Mechanics, 


October, 1936 PHOTO-ELASTIC DETERMINATION OF STRESS 1177 


the gravity stresses in the Grand Coulee Dam. The results have been very 
gratifying and there is no doubt that this method is more practical than the 
centrifugal method. 

There is another possibility of accomplishing this result by using thick 
gelatine models. A step in this direction has been made by R. R, Philippe, 
of the United States War Department, and Professor Pluminer in connection 
with stresses in the foundations of earth dams”. 


From Mopeut to ProtrotyPE 


Without entering into too much detail, a brief explanation is included 
herein on the method of converting observed fringes into stresses in the 
structure. First, it is necessary to determine what the stresses are in 
the model. This is done with a simple test specimen cut from the same 
piece of stock as that from which the model is made. It is customary to 
make this test piece in the form of a simple beam subjected to pure bending, 
photograph it, and count the fringe order at the extreme fibers®. This same 
beam is analyzed mathematically and the stress computed at the same point. 
The stress is divided by the corresponding fringe order, resulting in the 
stress (the difference of principal stresses) in, say, pounds per square inch 
in the model per fringe. The two experiments of course, must be made 
under identical optical circumstances. Now, the law of simulitude may be 
stated, as follows: ‘The stresses in the model at all points will be to the 
stresses in the prototype at corresponding points as the normal boundary 
pressure on the model is to the normal boundary pressure at a corresponding 
point in the prototype. 

Consider a simple example: A beam loaded uniformly with a pressure 
of 50 Ib per sq in. on the edge. A bakelite model is constructed to any 
seale and loaded with, say, 5 lb per sq in., to obtain the isochromatic pattern. 
The material is calibrated and, perhaps, it is found that each fringe corre- 
sponds to a stress of 200 lb per sq in. in the model. Then, wherever there is 
a fringe order, 1, in the model, there will be a difference of principal stresses 
in the structure of 200 xX 10 (the load factor), or 2 kips per sq in. If, for 
example, the fringe order at the center of the beam at the bottom fiber is 


Order 5, then the stress is 10 kips per sq in. in the prototype. 


Comparison with OTHER MerrHops oF Srress MEASUREMENTS 


Tt will be valuable to draw some comparisons between the photo-elastic 
method of stress analysis and two other experimental methods, namely, 


_ direct strain measurements on two-dimensional and three-dimensional models 


and the slab analogy. No mention will be made of the standard practice of 
testing models to failure, since this is in a class by itself, yielding no stresses, 
and is based on internal stresses beyond the yield point. In comparing the 
strain-measurement method with the photo-elastic method, several points 
should be mentioned. First, the strain-measurement method readily adapts 


42 “Soi] Mechanics Applied to Design of Dams”, Civil Engineering, January, 1936, 


p. 25; see, also, p. 9 oe 
48 See, for example, Transactions, Am. Soe. C. EB., Vol. 101 (1936), p. 1269, Fig. 9. 
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itself also to three-dimensional models even with varying elastic properties. 
Because of its adaptability into three dimensions, the method stands alone; 
it dominates this field completely, and is the only known experimental method 
suitable for analyzing such a structure as a thick arch dam. Necessarily, it 
is a tedious expensive method both in execution and evaluation and calls for 
great skill. It allows elastic relationships between model and prototype to be 
simulated very closely because of the wide latitude of available materials. 
Quite often the applied loads produce strains that are scarcely detectable in 
certain regions and in every case the stresses obtained can represent only 
average stresses in the segment between gage points. Photo-elasticity yields 
the stress at a point. 

Another method of obtaining experimentally the stresses in a two-dimen- 
sional structure is by the “slab analogy.” This method is mell adapted to 
obtaining the stress distribution, for example, in a gravity dam. A flat 
elastic slab made of rubber, for instance, is cut to the dimensions of the 
structure and warped by displacing and twisting the boundaries. The curva- 
tures and twists can then be measured at any point within the boundaries 
of the model, and it can be shown that these curvatures are always propor- 
tional to the normal stresses in the structure in a direction perpendicular to 
that at which the curvature was measured, and that the shear stresses are 
proportional to the twists in the slab. Naturally, the slab must be set up 
in such a manner that the twists and curvatures at the boundaries are equiva- 
lent to the forces acting on the boundaries. The basis of this experiment lies 
in the fact that the differential equation of a warped elastic slab has the same 
form as the differential equation of compatibility of the Airy stress function. 
This is another one of those analogies that are being adopted by the Engineer- 
ing Profession, and is in the class with the soap film analogy used in measuring 
torsional resistance of odd shapes, such as propeller blades and built-up sec- 
tions. Other well known members of this family are the electric analogy 
and the aforementioned rubber membrane analogy also used to measure tem- 
peratures in the steady state, pressures, and equi-potential lines in highly 
viscous hydraulic flow that recurs in soil problems™. 

It may be said of the slab analogy that it ig an excellent and reliable 
method because of the directness of the results; but, like the strain-gage method, 
it is costly and tedious, requiring a well developed technique. In its present 
state of development it is justified only in analyzing an expensive major 
structure. 

Returning now to the photo-elastic method and without attempting in any 
way to depreciate the importance and value of the other methods, it can be 
said of photo-elasticity that it is an inexpensive method of analyzing difficult 
structures or elements of machines, discounting, of course, the high initial 
investment in optical equipment. Furthermore, it is a rapid method, espe- 
cially when one is interested only in extreme fiber stresses. Moreover, it 
supplies, immediately, a rough picture of stress distribution in a structure 
and reveals concentrations wherever fringes are grouped close together, To 
Pies 2 i cr aN ta aE Da ES i LAINE Se ES 


““The Flow Net and the Electric Analogy”, by EB. W. Lane, M. Am. Soe. C. E., F. B 
Campbell, Jun. Am. Soc. C. E., and W. H. Price, Civil Engineering, October, 1934, D. 510. 
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emphasize these advantages further: Since the investigator immediately 
obtains a picture of the stress distribution in the model of a structure that 
is subject, say, to a number of different loading systems, he can, very rapidly, 
single out the critical cases. Furthermore, the shape of the model can be 
altered, reduced, or enlarged at weak points that are revealed in the photo- 
graphs, and the process repeated. In other words, it furnishes a rapidly con- 
- yerging method of design, even when dealing with a structure that borders 
in the class which, off-hand, one might say is analyzed readily by the Begg’s 
deformeter method, or the Cross method of moment distribution and column 
analogy. Naturally, the mathematical analysis should be made wherever 
possible, but now by photo-elasticity a good starting design and the critical 
loading are quite well isolated. 


' PracticAL RELATION To STRUCTURAL PROBLEMS 


The true value that photo-elasticity must bear to structural and machine 
design is readily shown to those unfamiliar with the method by a few 
examples. It will be apparent that photo-elasticity has its own field, and 
completely dominates this field from a practical standpoint. Conversely, it is 
foolish to attempt to use it in those fields that are readily treated mathe- 
matically, such as standard beams, columns, tension members, ete., of lengths 
at least five or six times their lateral dimensions, except for academic pur- 
pose or as a check analysis. This includes all standard structural members. 
Where these ratios are shortened, where a structure is composed of short, 

thick, integral members, where it is otherwise complicated by holes, notches, 
reinforcements, ete.—in short, wherever it is obvious from the shape of the 
structure that it is indeterminate in the sense that the stress distribution is 
non-linear in character, and the principal stress trajectories assume a compli- 
eated curvilinear form—then the structural designer finds that his ordinary 
tools will not suffice and he must depend either upon his structural sense and 
previous experience, or perform a test to failure, or carry out a photo-elastic 
analysis. This type of problem is encountered continually in machine design. 
This does not mean that the photo-elastic method cannot, or should not, be 
extended to include fields susceptible to mathematical analysis for check or 
verification. As a matter of fact, the two overlap and, as has already been 
indicated, it is a rapid tool for finding critical loads and design sections for 
use in mathematical analyses. Furthermore, a check between the two goes a 
long way in removing that feeling of uncertainty which can hang like a night- 
mare over a designer who entertains a feeling, and rightly so, that perhaps he 
has made a few too many assumptions in dealing with a statically indeter- 
minate problem without knowing whether or not they are on the side of safety. 

Consider, for example, the subject of fillets, such as occur in elements 
of structures and machines. No one doubts their value, and yet an exact 
mathematical analysis would be extremely difficult. By testing a small bake- 
lite model, however, a picture of the stress concentrations in the fillet can be 
obtained. It is possible also to see how they compare with stresses in the 
web, and the operator can begin with a large radius, cut back, and quickly 
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try any number. Photo-elastic investigations have shown that a spiral fillet 
in some cases is more efficient than a circular one™. Satie 

As a second example, consider the problem of the chain link of the type 
with two holes machined from a flat plate (see Fig. 17 and Fig. 18). A photo- 
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Fig. 17.—ISocHROMATIC VIEW OF BAKELITE Fic. 18—BounpARY STRESSES IN CHAIN 
CHAIN LINK. Link DERIVED FROM Fie. 17. 


elastic analysis can readily be used to compare a wide variety of conditions, 
auch as various pin clearances, different ratios of hole to width of link, and 
various shapes of links. In this type of problem only the boundary stresses 
are important, and the designer can soon choose an economical and safe 
shape. 

Fig. 19 illustrates an example in which the photo-elastic and mathe- 
matical fields overlap, and this experiment was conducted to find critical 
loading conditions and to check the mathematical analyses made for the criti- 
cal cases. In this experiment two new loading devices were used®. The 
water pressure in the tunnels was simulated by air pressure applied through 
rubber inner tubes, restrained on the sides but bearing directly on the walls 
of the tunnels. The earth pressures were applied through a thick rubber sheet 
that fitted snugly over the model, and the loads were applied to the outside 
edges of the rubber. 

Other interesting applications of the method are apparent if one side of a 
bakelite test piece is silvered, and if the light is sent through to the silvered 
face and back along the same path. For example, a piece of bakelite may be 


*° Discussion of Weibel’s paper, entitled “Studies in Photo-Elastic Stress D: ina- 
tion”, by A. G. Solakian, Transactions, A. S. M. E., August, 1934, pp. 652-655, cee 


*““Photo-Elastic Analysis of Twin Concrete Conduit, Bull Lake Dam Outl t Works” 
by J. E. Soehrens, R. T. Cass, and J. E. 8 i A 1 Hngineerion: 
Beptalber Tobe. bud, ower, Juniors, Am. Soc. C. E., Civil Engineering, 
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cemented on the surface of an actual structure, either two-dimensional or 
three-dimensional, and the changes observed in the induced isochromatics as 
the structure undergoes changes in loading; or the investigator may wish to 


Pie. 19.—LOADING APPARATUS UTILIZED IN PHOTO-ELASTIC ANALYSIS OF DOUBLE-BARRELED 
CONDUIT FoR BULL Lakr DAM. (NotTE THAT PNEUMATIC PRESSURE IS USED TO SIMULATE 
INTERNAL HYDROSTATIC PRESSURE.) 


measure the stresses in overlapping plates, such as occur in riveted connec- 
tions. By silvering he can isolate the stress conditions in the two plates. 
Furthermore, he can study the behavior of viscous fluids under flow, by 
photographing the isochromatics that develop as ordinary salad oil is subjected 
to flow around obstacles set between parallel glass plates. Experiments of this 
type have been conducted successfully by Dr. Sadron, of the California Insti- 


tute of Technology. 


Tue INTERFEROMETER 


Before concluding, a word should be said about the interferometer as a 
means of measuring individual principal stresses in a transparent model 
directly, thus eliminating the necessity of the auxiliary step of finding the 
sum of the principal stresses. It has been known for soime time that this 
method can be applied, but in so far as the writer is aware it has never been 
utilized in the United States. One of these instruments has been designed 


and built at the Laboratory of the Reclamation Bureau, by J. E. Soehrens, Jun. 


Am. Soc. C. E. (see Fig. 20). Essentially, the method consists of splitting 
a pencil of light, one part of which traverses a loaded model at a point, 
vibrating in the plane of one of the principal stresses, and the other goes 
around the model. The two pencils are brought together again and interfer- 
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ence fringes develop. The stress at the point in the model will be propor- 
tional to the relative displacement of these fringes as the load is applied. 
Next, the ray is made to vibrate in the plane of the other principal stress 


Fic. 20.—PHOTO-ELASTIC INTERFEROMETER. 


and the measurements are repeated. It is believed that this apparatus will 
provide a more accurate method of determining stresses within a model; 
that is, stresses other than those at the boundaries particularly in cases in 
which the accuracy of a rubber membrane breaks down, as, for example, at a 
sharp corner or near the point of application of a load. This machine is 
much more delicate in its operation than the polariscope and must be designed 
in such a way that it is insensible to vibrations. 


Future Possisiiities 


At present, photo-elasticity has demonstrated its value and firmly estab- 
lished itself as an invaluable tool to the Engineering Profession. Its develop- 
ment has been somewhat erratic but positive, and has by no means reached 
its limit. New model materials and technique are being developed and will 
continue to be developed. The method is not a simple mechanical one, but 
a procedure that requires trained technicians. Some universities are now 
(1936) offering introductory courses in the subject to their undergraduates. 
As lighter, stronger, but more expensive, alloys assume their natural func- 
tions in construction, it will be more important than heretofore to have a 
complete knowledge of stresses. As these demands become more acute 


emphasis will be more and more toward photo-elasticity as a means of 
designing economical structures. 


———— 
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LOW-ALLOY STRUCTURAL STEELS 
By E. C. BAIN,” EsqQ., AND F. T. LLEWELLYN,® M. AM. Soc. Cae 


Synopsis 


In view of the fact that this Symposium is sponsored by a civil engineering 
society, the word, structural, in the title of this paper is to be construed s 
pointing with strong emphasis to framed static structures, such as bridges and 
buildings, almost to the exclusion of small moving structures and machinery. 
The other papers in Section II enumerate adequately the more restricted 
opportunities for over-all economy which are offered to the special high- 
strength steels in this restricted field of application. Information has been 
presented to show how the economical expenditure of the steel dollar may still 
eall for the purchase of special steels that differ from common structural 
steel by having enhanced mechanical properties secured through the incorpora- 
tion of alloying elements. 


INTRODUOTION 


In this inquiry, the writers begin with the assumption that the background 
of their subject has already been well drawn; that every one is aware that 
alloy steels may have a higher elastic range and a higher breaking load than 
the ordinary structural steels, but that the elastic modulus is the same. The 
consequences of these circumstances, as they affect design, are presented else- 
where in the Symposium, where the applications of those low-priced alloy 
steels are discussed. In this paper, the writers discuss the common alloying 
elements with respect to the direct and indirect influence their presence, both 
individually and concurrently, may have upon the properties of structural 
steels. 

The writers first approached their task with a plan for a categorical 
enumeration or classification of the many so-called “grades” of low-alloy, 
structural steel that are now (1936) on the market, with their compositions 
and ordinary mechanical properties, as set forth by their makers. Since, 
however, such information has been given in a number of excellent compila- 
tions”, the writers conclude that it may be more useful to treat the principles 
involved in designing alloy steels. Accordingly, two types of these steels 
have been chosen to illustrate these principles, and, as far as possible, the 
subject has been developed as a functional study. For convenience, however, a 
table of some of the current compositions offered to the trade and their 
reported mechanical properties is included. 

* Asst. to Vice-Pres., U. S. Steel Corporation, New York, N. Y. 


* Research Engr., U. S. Steel Corporation, New work, N.Y. 
* See, for example, Proceedings, Am. Soc. C. B., March, 1936, p. 361. 
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Although it will be convenient for subsequent reference to compare alloy 
compositions with the regular structural steel, designated “carbon steel”, it 
may be well to forestall a false premise at the start. The vast majority of 
the structures within the scope of the present consideration are built of a 
steel which is by no means the pure metal iron or an alloy of iron and carbon 
alone; structural carbon steels carry about 0.5% of manganese, one of the 
important alloying elements. An inspection of hundreds of analyses indicates 
a probable most frequent composition about as shown in Table 2. | Steel 
of such composition, as rolled, for example, in sections 0.50 in. to 0.75 in. 
thick, develops mechanical properties such as correspond, on the average, to 
approximately the tensile test data indicated in this table. 


TABLE 2.—Comparison oF Orpinary STRUCTURAL CarBON STEEL 
with Pure Iron 


Ordinary, 
Description structural | Pure iron* 
carbon steel 
(1) (2) (3) 
Composition, in Percentages: 
Eq BavOh. GE Sages CNG OCR: c GSE o GRIIE LEE OO COE OIE Caen ral OO O0 CMEO TIONS O22) ar ecscrskelateretene 
PVR ATAPRTSCSEI OT Her Masth ola tes fave aerate an buei oie eeverel olalels, oi oielvveeraceielslals eieMres a bieles.e 0.45) | Sea eee 
SIT MRP PEP ei iets Sorcha leteve cv otecceia iedehe tease cashias sal euclavala eye @atet oielioce, shares apse oiwls OPOSSM | ee crickets 
PHOS ONIISNE texte ieicteraternrer setae cre fee lalelato ce letolele"b/¢ viele lalo/aye sle/e levels eiutsit.els OSOUS Lee avetrcrtetste 
0.05 
PAITC CHART EPA oR Mere tvete ete ere cveter dence’ levee) nieve /o!sValeneiaishere’sie (ey eraveie eles: ieWisieus OP. vei| hattecetam ere 
: 0.20 
Ultimate strength, in RDS PER EQUATE INCI eof crslctavars stele iets ies eiece)s' site sis a e\eve!c)s 60 39 
Yield point stress, in kips per square inch. ..........eeeeee cere eer eeeeerees 38 19 
Percentage elongation in 2in’.......00...ccwssccsceerncccsresscoes se 45 48 
(Percentage elongation IN. 8 i <2 6... clawed + sss vicecsccrcceccceserecctcos 28 30 
— Percentage reduction in ATeA........ cece cece eee e eee e nee eee enceeseeee 58 75 


emnras BP Ryo tie adhe Pt De ate ee eee 

It is interesting to compare the properties of the usual structural carbon 
steel with those of nearly pure iron (that is, iron of commercial purity) as 
indicated by Column (3) of Table 2. It is clear that the ubiquity of 
carbon in the metallurgy of iron and the availability and use of manganese, 
primarily as a specific or antidote for possible sulfur ills, have resulted in a 
considerable gain in desirable properties. | One needs no marshaling of metallog- 
raphic theory to convince himself of the general efficacy of these elements 
incorporated in steel, but it may be worth while, nevertheless, to digress further 
into this field of physical metallurgy. 

Before having a “look” into the effects of the common alloying elements, 
it may be advisable to view the problem of stronger steels from the purely 
economical standpoint, but still through the eyes of the metallurgical engineer. 


Economic FuNDAMENTALS OF ALLOYS 
“Members of the Society need scarcely be reminded that economy ig one 
of the essentials of good engineering. In considering the economic funda- 
mentals of alloys, or indeed of any materials, it is desirable to emphasize 
three facts. They need only be stated to be self-evident: 
(1) The question as to the economy: of a designated material becomes 
critical only when there is a choice of materials. 
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(2) If, as a result of its improved properties, the net cost of a substituted 
material is less than that of the material replaced, there is no economic prob- 
lem to be solved. Manifestly, despite its higher cost per ton, the material in 
question would be used everywhere as far as it is available. 

(3) ‘A given material may be economical under certain conditions, and 
uneconomical under others. 

It follows that the desirability of alloying steel with certain chemical 
elements, calculated to produce higher effective strength than ordinary grades, 
will vary according to the problem in question. 

Having in mind these facts, some engineers have surmised that a simple 
chart could be prepared in which the higher cost per pound of each alloying 
ingredient, as a commodity, could be translated into final cost per ton per 
unit of resultant alloying content, and plotted against the corresponding 
improvement in given physical properties. A chart of this kind would be 
just what the civil engineer is seeking, but, unfortunately, those who operate 
steel mills, as well as Dame Nature, say that the matter is not quite as simple 
as that. Even if effects could be charted against percentage of alloying ele- 
ments, comparative costs would not be indicated for the reason that rolling- 
mill costs vary greatly according to the quantities of a kind to be produced at a 
given time. 

Quite apart from mill-operating conditions, however, such a chart is not 
feasible. As demonstrated subsequently, even the effect of individual alloying 
elements is involved, to say the least, and is not constant under all conditions. 
In many cases it depends on the inter-relation of other elements. For this 
reason, instead of one chart, one would require about as many charts as there 
are different types of steel, and these charts would be useless as aids in fore- 
casting the properties of a new combination. : 

Most important of all, it must be emphasized that the improvement in 
certain properties which is afforded by many of the alloying elements is 
accompanied by a loss in other desirable properties. If Dame Nature and the 
economic cartographer attempt to join in holy wedlock, with metallurgy as 
sole officiating priest, the union cannot be blessed because the progeny would 


be as numerous and unmanageable as that of the “old woman who lived in 
a shoe.” 


INTERPRETATION OF SPECIMEN TENSILE Trsts 


It is well to reflect that the ordinary tensile tests, accompanied perhaps by 
compression tests, supply the engineer with some numbers which are not 
measures, exactly, of the precise properties which will be depended upon in 
the final structure, but are instead merely rough indicators of the possession 
of the needed properties. By way of example, a notch in a beam becomes 
a stress concentrator under conditions of bending, and failure may occur in a 
manner developing less than the expected load. On the other hand, in a care- 
fully conducted tensile test, a bar in tension having a sharp circumferential 
notch may carry, without permanent deformation, a load in excess of the 
ultimate stress as ordinarily measured. A plate may show 30% or 40% elonga- 
tion in the standard tensile test; and yet, when subjected to simultaneous 
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tensional stresses at right angles, it may break with only a slight percentage of 
elongation as measured along any reasonable reference distance Nevertheless, 
the standard tensile test, interpreted in terms of experience, is a valuable guide 
and the writers would defend its general use. 

The fact is that the gross loading as ultimately reflected in any small 
region of the metal may be considered as a force tending to rupture the metal, 
with a maximum in one certain direction, and a force tending to cause flow 
(that is, shear) likewise at a maximum, in another direction in a shearing 
plane. If the maximum shear component exceeds the elastic limit in shear 
and the metal has any capacity whatever for plastic flow, some deformation, 
without rupture, will occur. On the other hand, if the maximum disruptive 
component exceeds the fundamental tenacity or cohesion of the metal, a brittle 
break will occur. The former may occur first, followed by the latter, by 
virtue of a change either in the relative magnitude of the two components, 
or in the elastic limit in shear of the material during the deformation. 

In an ideal tensile test in which a uni-axial tension is applied uniformly 
across the cross-section of a moderately long specimen, the numerical magni- 
tude of the resulting disruptive stress is just twice that of the resulting shear 
stress. If, therefore, the elastic limit in shear of the specimen is more than 
one-half that of its cohesion, the tensile specimen will fail with a brittle rup- 
ture accompanied by no elongation; and yet, just such a material may possess 
considerable fundamental plasticity, as can well be shown by applying a torsion 
test, in which the resulting maximum disruptive stress is numerically equal 
to the maximum shear stress, on any small element in the highly stressed 
periphery of the specimen. Other tests, such as bending a notched bar, 
afford still less opportunity for any flow than does the tensile test, and one 
must conclude that the quality of realizable plasticity in a broad sense depends 
actually upon the ratio of the elastic limit in shear to the fundamental resis- 
tance to disruptive stress, for the second of which no known means of evalua- 
tion exists. This reasoning is introduced only to show that the tensile test 
supplies only a glimpse from one viewpoint of the mechanical properties of a 
steel. However, experience has demonstrated that good structures result from 
material with certain tensile test characteristics and may not result from others, 
and having no better practical test it is utilized with assurance as far 
as static loads are concerned. 

’ With respect to structures as a whole, it is rare indeed that any general 
permanent deformation is tolerable, hence the interest really centers in 
the stress that can be borne within the elastic range of loading. For this 
reason increasing reference is made to the so-called “yield point” of the steel. 
Since the departure of the metal from strictly elastic behavior begins with 
almost undetectable gradations it is now customary to specify a very small 
but observable permanent elongation as a working definition of the elastic 
limit or yield strength; 0.1%, or 0.2% is usual and occasionally a proof stress 
corresponding to a permanent elongation of 0.01% is specified. The breaking 
load computed as a stress over the original section of the test has certain 
interest, to be sure, but of necessity plays a less important réle in design 


than the yield strength. 
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The need for a degree of plasticity will not be detailed in this paper. The 
inescapable necessity for joints and the proper distribution of stress, other- 
wise highly localized and concentrated in and about such joints, can only be 
cared for by some capacity for flow. It is generally believed that 25% elonga- 
tion in a test piece, 8 in. long, with certain cross-section limitations, is ade- 
quate. It should be added, however, that elongation should always be referred 
to a specimen which has a definite shape and ratio of length to cross-sec- 
tion; otherwise, comparative figures may be quite misleading. The reduction 
of cross-sectional area at the point of rupture is a factor of some complex 
significance not wholly clear even to the most erudite metallurgists and not 
of vital moment to the engineer. ‘ 

It is not uncommon to measure the energy required to break a small, 
standard, notched bar by impact and to take this number of foot-pounds (or 
kilogram-meters) into account as a putative quality index of the steel. Con- 
sidering that the most plastic and ductile metals known can be made to break 
in a brittle manner (low impact value) by introducing a sufficiently sharp 
and effective notch, and considering further the assiduous avoidance of 
notches in design, it might appear that such notched-bar impact tests would 
not yield broadly pertinent information. However, the steels under present 
consideration do not break in the brittle manner under the notches of 
customary sharpness at ordinary temperatures. If the break at very low 
temperatures should be brittle, and, therefore, should show low energy absorp- 
tion (foot-pounds), the engineer should not reject the steel summarily, but 
instead, he should perhaps break a few specimens, at the same sub-zero 
temperature, which have been prepared with a more gentle notch and see 
that it is perhaps the notch, rather than the metal, which has been tested. 

It happens that structures do not always bear a constant static load, 
but are subject to frequent loading and unloading, or even to reversal of 
load. Under such conditions a failure may occur, after a very large number 
of load-change cycles, at a specific stress lower than the yield point. Tests of 
the resistance to repeated stress effects (fatigue) have been devised, and the 
familiar “endurance limit” expresses this property usually as a maximum 
fully reversed stress which can be borne in a specimen during 10 000 000 cycles. 
For many materials this value is found to be well above 45% of the ultimate 
strength. However, when the stress changes do not entail reversal, but rather 
result from loadings and partial unloadings (surge loads), the endurance limit 
applicable approaches the yield point. It has been found that the character 
of the surface of the stressed member exerts a tremendous influence upon 
the practical fatigue resistance, and to make the test represent, as nearly as 
possible, the metal itself rather than the surface condition, a polished test 
specimen is used. Accordingly. it would seem that for the civil engineer the 
yield point would be a more significant figure than the endurance limit, but 
that the endurance limit should be known and taken into account for the 
material under contemplation if stresses nearly or wholly reversed are to be 
encountered. Of probably greater significance is the possession of adequate 


plasticity, such as is measured, in part at least, by elongation and reduction 
of area in the tensile test. 


October, 1936 LOW-ALLOY STRUCTURAL STEELS 1189 


In an exploratory manner, formability and other criteria of suitability 
may be judged by the data from conventional specimen tests, but it is to be 
expected that the final judgment will be based upon tests simulating operating 
conditions in practice. 

The steels discussed in this paper were designed to retain adequate ductility 
and to provide an increment of yield strength. In practice, they have already 
achieved a remarkable degree of success. The design of machines (particularly 
automobiles) long ago opened up a need for steels that could first be endowed 
throughout large sections with the maximum properties previously securable 
by careful heat treatment upon only small sections of the higher carbon steels. 
Actually, it was soon evident that properties somewhat superior even to the 
best obtainable in small sections of carbon steel were securable in the alloy 
steels. This was comparatively easy because, by special heat treatment, tre- 
mendous improvements over the “as-rolled” properties are securable through 
the control of the microscopic structure; medium and high-carbon alloy steels 
with attendant high strength can be rendered tough and plastic as well. 

The problem in the field of Civil Engineering is vastly more difficult. Not 
only is cost a serious deterrent from special heat treatment of structural steel, 
but the shapes themselves are scarcely amenable to the rapid cooling and 
reheating involved in such a method of enhancing properties. Since, in most 
eases, the steel perforce must be used in the as-rolled condition, and since the 
modern method of joining metals by the newer welding processes must be 
facilitated, the limitations are very strict. Not long ago it was a common- 
place to hear in the metallurgical schools that alloying elements were of 
practically no value except where heat treatment was to be applied. The 
statement, never quite justifiable, is now known to be farther than ever from 
the truth, and to have accepted such a statement would have been to have 
missed the entire development under discussion in this paper. 


Means or STRENGTHENING STEEL 


For the purposes of this survey, there are only three means of gaining 
strength in steel: (1) Cold working the members; (2) specially heat treating 
the members; and (3) incorporating alloying elements. 

Cold Working.—Bridge wire is an outstanding example of this application, 
and the high tensile strength of cables is known to every one. Recently, 
cold-rolled strip, particularly a certain stainless steel, characteristically amen- 
able to improvement by cold-work, and to spot-welding also, is becoming a 
very valuable material in movable structures, such as high-speed trains. 
One can scarcely visualize the extensive cold drafting of standard structural 
shapes. 

‘Heat Treatment.—To the metallurgist, who realizes that the microscopic 
structure, and, hence, the properties of steel, depends upon the cooling schedule 
from an elevated temperature, the cooling of structural steel from the rolling 
temperature is, in itself, a heat treatment. Although this is proper, heat 
treatment, in current usage, generally means a subsequent controlled heating 
and cooling. Thus, for years (since 1914), heat-treated, earbon-steel, eye-bars 
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have been utilized in bridges, and more than 17 000 of them are now (1936) in 
place. A 0.35% carbon, 0.60% manganese steel is used, having properties as 
rolled corresponding to a yield point of about 40 kips per aq in. and an ulti- 
mate strength of about 70 kips per sq in.; the ductility of the untreated steel 
is approximately represented by an elongation, in an 8-in. by 0.5-in. specimen, 
of about 23 per cent. After the closely controlled heat treatment of the 
eye-bar, properties are developed corresponding to an average yield point of 
57 kips per sq in. and an ultimate strength of 88 kips per sq in. A full-sized 
tensile test bar with a cross-section, 12 in. by 2 in., and 18 ft long, exhibits a 
ductility so great that, in the full 18-ft test length, an elongation of nearly 
2 ft occurs (10.5%), or in the 1 ft encompassing the point of rupture, 30%; 
the reduction of area is 46 per cent. A higher carbon steel containing 0.60% 
carbon, with 0.55% to 0.75% of manganese, is similarly heat-treated to an 
ultimate strength of about 119 kips per sq in. and a yield point of 82 kips 
per sq in. The elongation in 18 ft is about 8%, with a reduction of area of 
23 per cent. 

With such uniform regular sections as eye-bars, heat treatment has proved 
entirely practicable and economical, but for the usual shapes it is probably 
not “in the picture” at present; nor is it likely to become so for large welded 
structures, since any improvement derived from heat treatment would be 
nullified in and near the weld. 

Use of Alloying Elements.——Turning next to the third and most readily 
applicable means of securing a general purpose steel, with a moderate increase 
in load-carrying capacity, it is to be noted that the metallurgist has at his 
disposal the elements—carbon, manganese, silicon, copper, phosphorus, chro- 
mium, nickel, vanadium and molybdenum—as well as some other less common 
elements, as possible addition agents in a structural steel. As far as small 
increments of equal weight are concerned, the elements are arranged about 
in the order of their cost, beginning with the cheapest. One should not be 
led to believe, however, that the order of merit is the same; nor, indeed, is 
there any basis available for any order of merit whatever unless one single 
property is under consideration at a time, and unless the proportions of the 
other elements are held entirely constant for the comparison. If one were 
to begin with commercial steel of the lowest carbon content and highest 
purity, and incorporate therein increasing quantities of the various elements, 
it is apparent at once that the Brinell hardness is increased in the rolled 
product about as shown in Fig. 21. These curves are drawn as the best 
probable average of scattered data and should not be regarded as being pre- 
cise. It is intended to refer to wrought material, hot-rolled to a reasonable 
thickness, say, $ to 3 in. and cooled at a normal rate in air, The 
line for carbon in Fig. 21 refers to smaller specimens so as to reflect its 
effect upon hardenability. If larger sections are considered, the value 
at 1% carbon would be about 220 Brinell hardness. Hardness is not 
correlated perfectly either with yield point or with ultimate strength, but, in 
general, it increases with alloying elements in a manner such as to correlate 
somewhat with a value midway between the yield and the ultimate. Fig. 21 


October, 1986 LOW-ALLOY STRUCTURAL STEELS 1191 
merely shows that the fundamental influence of alloys in iron is unique for 
each element; but such curves fall far short of telling the entire story. Added 


elements contrive to confer properties by several means, usually operating 
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Fic. 22.—APPROXIMATE PFFECT OF CARBON 
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Fic. 21.—APpPROXIMATE HF- 

FECT OF SMALL ADDITIONS 

OF VARIOUS ELEMENTS TO 

NEARLY PURE IRON. 
concurrently. The principal influences are, as follows: (a) Alteration of 
transformation characteristics (under-cooling and attendant fineness of micro- 
scopic structure); that is, “hardenability”; (b) solid solution hardness (and 
strength) increment in the iron itself; and (c) modification of the nature 
and the volume of the carbide constituent of the steel. 

Another influence that almost warrants a separate listing has to do with 
the grain size in the heated condition; a fine grain generally connotes greater 
toughness. 

Influence (b) is essentially the one illustrated in Fig. 21, and is impor- 
case of the higher carbon, higher alloy steels, such as some of the automotive 
steels—is of first importance. It is an influence which the element exerts 
by-its presence in the steel at rolling temperature by determining the micro- 
structure which finally develops upon cooling through the so-called critical 
temperature range at a given rate. It would operate to control the properties 
even if the alloying element were found to have vanished immediately after 
the steel had been transformed. Rapid cooling always produces finer distribu- 
tion of carbide and, therefore, harder characteristics for any steel, and any 
of the alloying elements dissolved in the steel at rolling temperature acts 
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in a way practically equivalent to a more rapid cooling, because these ele- 
ments retard the reactions at the transformation, or “critical”, temperature. 
Thus, it is customary to reduce the carbon or the alloy content for the thinner 
sections which automatically cool more rapidly. This influence must be mild 
in the steels under consideration and the writers will show that the elements 
contributing the most to hardenability must be kept low. - 

Influence (b) is essentially the one illustrated in Fig. 21, and is impor- 
tant in the low-alloy, low-carbon steels under discussion. Any element dis- 
solved in a metal raises its strength somewhat (some more than others), and, 
generally speaking, reduces its ductility although not in a systematic or a 
perfectly general manner. Some elements reduce ductility more for a given 
strength increment than others. 

Influence (c) is also one affecting the strength of the alloy, but its impor- 
tance increases, obviously, with the carbon element. If an element has a 
strong tendency to form a carbide then some of it is not dissolved and its 
contribution by the second mode is thereby decreased by increased carbon. 
If, however, in replacing the normal iron-carbide lamelle with a special 
carbide, the form or volume of such carbide is also changed, and then some 
practical property changes are possible. Obviously, carbon itself cannot be 
considered in precisely the same way as is possible for the other elements 
because it is the necessary constituent of all carbide in the steel. In general, 
strength in steel gained by increasing the quantity of carbide is accompanied 
by a greater decrement in ductility than is the added strength from dissolved 
elements. The metallurgist will recognize that the carbide in the steels as 
rolled from the compositions discussed herein will exist in the form of the 
minutest microscopic platelets or lamelle, a form not nearly so conducive to 
ductility as the spheroidized form found in fully heat-treated steels. In the 
spheroidized condition, as may be surmised, the carbide is in the form of 
roughly spherical particles barely visible under the microscope. It will be 
understood that these features of microstructure are nothing that can be seen 
by the eye in the fractured surface, but are known only through applica- 
tion of the metallurgist’s technique of examining a polished and etched 
section microscopically. Perhaps a philosophy of alloy steels can be developed 
by considering the elements, one at a time. 


CHARACTERISTICS OF INDIVIDUAL ALLOYING ELEMENTS 


Carbon.—Fig. 22 shows the approximate change in tensile-test properties 
created by the carbon content in steels of normal manganese (0.45%) and 
silicon content as rolled in sections of the order of 0.75 in. thick. As might 
be predicted from Fig. 21, carbon is the most powerful element, weight for 
weight, utilized in influencing the properties of steel; it is customary, how- 
ever, to exclude carbon when referring to alloys or alloying, elements. Its 
marked effect upon strength properties is gained at a considerable toll in duc- 
tility, and long experience indicates that at about 0.20% to 0.25% (with 
comparatively low content of other elements), a broadly applicable optimum 
is reached for structural carbon steels. At this content, a considerable range 


October, 1986 LOW-ALLOY STRUCTURAL STEELS 1193 


of other elements and of section is still permissible, and it happens also that 
the influence of carbon upon hardenability is not so great at this point as to 
preclude welding, bearing in mind the low content of other elements. Perhaps 
one may state that carbon contributes practically nothing by the second influ- 
ence, that of solid solution, since at ordinary temperatures it is so nearly 
insoluble, and that the quantity of carbide as a microscopic constituent is pro- 
portional to the carbon content and, hence, a strong effect results in this (the 
third) manner. Furthermore, even with a minor content of other elements, 
carbon exerts a definite influence toward hardenability; only in its presence, 
and in proportion to its concentration, are other elements able to exert 
substantial influences toward hardenability. 

Nevertheless, when need has arisen, engineers have not hesitated to use 
steels of higher carbon content. Because of the added requirement of wear 
resistance, rails carry about 0.75% of carbon; the eye-bars, already mentioned, 
are high in carbon since heat treatment eliminates a large part of the loss in 
ductility brought about by carbon. In cases wherein no welding is to be used 
and wherein joining problems are not complicated, carbon content higher than 
the usual can always be used with safety. However, where welding is to be 
utilized, the usual structural steel derives about all the strength that carbon 
alone can provide without excessively restricting other valuable properties. 

Manganese.—After carbon and phosphorus, manganese is one of the most 
effective strengtheners of steel, rivaling chromium. Its effect may be greater 
than shown in Fig. 23 (a), which is an attempt on the part of the writers 
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to correlate some scattered information. Manganese is an extraordinarily 
powerful hardening agent (Influence (a)), and it also strengthens greatly by 
golid solution. It has no particular carbide effect, although it divides itself 
between the iron solid solution and the carbide. It has the disadvantage, how- 
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ever, of taking a considerable toll of ductility in the as-rolled condition, appar- 
ently through its solid-solution effect. In general, it should probably not be 
used much in excess of 1% to 1.8% in any non-heat-treated, general-purpose 
steel, and for the greatest ductility, perhaps 0.50% to 0.75% is sufficient. In 
a broad way, the over-all manganese effects are not unlike those of carbon; 
with very low-carbon steel, manganese is perhaps one-eighth as effective as 
carbon in developing strength, but in somewhat higher carbon steel it is cer- 
tainly more like one-fourth or one-fifth as effective, weight for weight, because 
its hardenability effect enters. In order to preserve good ductility in the 
manganese steels the carbon must be decreased somewhat and more than 
the equivalent effective manganese is then to be added in order to gain 
strength; but even this substitution has strict limitations. In the ideal 
high-strength, general-purpose steel, other helpful elements should be called 
into use. 

Silicon—This element is found almost entirely in solution in the iron 
(ferrite), and its solid solution effect is strong. In small amounts (that is, 
as much as about 1%), it appears to reduce ductility only moderately, and 
some report that it has a curiously minor effect upon the reduction of area 
in the tensile test. It has a significant effect upon hardenability which is, 
however, small in comparison with that of manganese, carbon, or chromium, 
and in the presence of these elements its effect upon hardenability through its 
influence upon transformation rate must be taken into consideration. It is a 
valuable aid in the low-carbon steels in securing strength, and may be utilized 
safely up to 0.75% or, in some cases, nearly to 1.0%, depending upon the 
other alloy content. If it has any effect upon corrosion rate, it is not obvi- 
ously adverse. Silicon has been rather less fully reported than the other 
elements. 

Copper.—This element remains entirely dissolved in the iron when present 
in quantities as great as, perhaps, 0.50% or 0.60%, in which proportion its 
contribution to strength is small indeed, perhaps only 2 to 4 kips per sq in. 
In larger proportions it may be utilized as a precipitation hardening element 
with very substantial strengthening effects. In the lower range, however, it 
contributes to a valuable reduction of corrosion, a property again lost when 
the quantity is well into the range for precipitation hardening. Obviously, the 
age-hardening feature cannot well be utilized in the structural steels under 
consideration in view of the undesirability of subsequent heat treatment and 
the requirements attending welding. One may state, then, that copper may 
profitably be used up to at least 0.5%, with a valuable gain in corrosion 
resistance, a slight gain in strength, and no perceptible loss in ductility. 

Phosphorus.—The trad tional fear of phosphorus brittleness was largely 
dispelled by the classical work of Unger in 1918”, who showed that phosphorus 
in quantities considerably greater than 0.10% contributed strength without 
undue loss of ductility. Indeed under some conditions an increment in 
strength could be provided by means of phosphorus with a penalty against 
ductility less than if the same increment were gained through a higher carbon 
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content. In other words, a reduction of carbon content with a deliberate 
addition of phosphorus yields a steel in which strength is increased and duc- 
tility remains constant; it is then a suitable element for the structural steel 
under discussion. More recently the effect of phosphorus to reduce corrosion 
has been recognized, and since this is a factor of increasing importance, inci- 
dental advantage is taken of its quota of strengthening effect, while securing 
at the same time a marked improvement in corrosion resistance, At about 
0.07% the strengthening effect of phosphorus is such as to necessitate a reduc- 
tion of carbon content, but quantities as great as 0.15%, or even more, are still 
useful under some conditions. 

Chromium.—This metal exerts its greatest influence through its contribu- 
tion to hardenability, and large additions demand either a low carbon content 
or a heat treatment. In higher carbon steels, its strong carbide-forming ten- 
dency is outstanding, but this effect is of less consequence in steels carrying 
only 0.15%, or less, of carbon. Its straight, solid-solution effect in iron is 
extremely mild as may be seen in Fig. 21. This is particularly true in 
the case of the yield point which is scarcely changed by a small percentage 
of chromium in very low carbon steels or in extremely slowly cooled higher 
carbon steels. The ultimate strength, however, is more markedly affected. 
Fig. 23 (b) illustrates the approximate influence of chromium upon the 
properties of a 0.20% carbon structural steel as rolled to a 0.5 or 0.75-in. 
section In steele used in the as-rolled condition, it acts to control the micro- 
scopic structure and to foster the stronger structure in thin sections. Like 
manganese, therefore, it may best be used with a reduced carbon content. 

The effect of high percentages (as, for example, 11%, or more) of chromium 
to develop an inert surface is so marked in the corresponding stainless steels 
that its modest contribution to corrosion resistance in the lower chromium 
steels passed almost unnoticed until recently. As an auxiliary element to 
raise strength with little loss in ductility and to encourage a harder structure — 
from the transformation, it is useful and may be employed safely in quanti- 
ties as great as about 1% in the present class of steels whenever manganese 
is not already relied upon for most of the strength increment. 

Nickel.—This element, like silicon, exerts little or no influence upon the 
quantity or character of the carbide formed in low carbon steel. It is some- 
what more effective as a solid-solution hardener than chromium, but has 
rather less influence upon hardenability. Its effects are mild but positive, 
and strength gained by nickel is often accompanied by very little or no loss 
of ductility. The only disadvantage in its use is the relatively large quantity 
required to secure marked increase in strength. Its improvement of corrosion 
resistance is well known and compares with that of copper except that it is 
not so effective, weight for weight. Where it may be used in relatively large 
quantity, and where ductility is extremely important, it is particularly well 
suited. Fig. 23(c) shows the approximate effect of nickel upon the properties 
of a 0.20% carbon structural steel as rolled to 0.5-in. to 0.75-in. section. 

Molybdenum.—As a carbide-forming element, molybdenum exhibits | a 
grain-refining influence probably next 10 vanadium in intensity. Even with 
low carbon steels the molybdenum, as ordinarily used, is to be found chiefly in 
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the carbide constituent where its effect is an indirect one through the grain- 
size effect mentioned previously. In this way, molybdenum may counteract 
some of the hardenability effects and promote a more advantageous distribu- 
tion of the carbide than that of plain carbon steels. When it is dissolved at 
high temperature, however, as in the hotter zones of a weld, it exercises a 
hardening influence. In view of the cost of molybdenum, it is customary to 
use it very sparingly, in the alloys under consideration. The grain-size effect 
can be achieved, in large part, by other means, such as measured deoxidation 
utilizing aluminum in a special way. The outstanding value of molybdenum, 
revealed by its tendency to form persistent carbide globules, is manifest in 
the creep-resisting steels used at elevated temperature. 

Vanadium.—The effect of vanadium, as ordinarily used, is essentially that 
of grain-size reduction, with its attendant control of hardenability and preser- 
vation of toughness. By this indirect influence it permits a More generous 
use of manganese, but does not enter the picture of low-priced structural 
steels to any great extent. It becomes a more important element in the higher 
carbon steels used in the heat-treated condition. 

The foregoing comments show that the acquisition of high strength is 
easily securable by the addition to iron of practically any of the elements 
enumerated, but that in the case of the most effective ones the strength is 
secured at a considerable sacrifice in ductility. Carbon accomplishes its 
results through an increase in the non-ductile constituent carbide, whereas 
the other elements act more gently through solid solution effects and by a 
change in hardenability. To secure a greater strength with maximum preser- 
vation of ductility in the as-rolled condition, carbon can be used only spar- 
ingly, and even manganese and phosphorus must not be used in quantities 
contributing very greatly to strength. 


CoMPLEX STEELS: SIMULTANEOUS ADDITION oF SEvERAL ELEMENTS 


A fortunate circumstance is that the concurrent use of moderate quanti- 
ties of several elements appears to produce a more favorable combination of 
properties than would result from a single element in an amount sufficient 
to produce an equivalent strength increase. Roughly speaking, in the small 
quantities under discussion herein, the effects of the elements are sufficiently 
additive to permit rough first approximations of properties from composition, 
but even those who introduced the early formulas for predicting tensile test 
data from analyses recognized some inter-relation which rendered linear 
formulas unreliable. 

Suppose, for example, that the objective is a steel of 55-kip yield strength. 
This is easily accomplished by increasing the carbon content to about 0.50% 
and holding manganese to 0.45%, but by so doing the elongation in 2 in. is 
reduced to about 20%, and less for 8 in., a figure regarded as inadequate for 
general purposes by many engineers; but such a steel will not yield a weld 
of desired properties in the metal adjacent to the weld because of undue 
hardenability, and the semi-fused zone may be still more susceptible to the 
loss of ductility, If one uses about 1.60% to 1.85% of manganese and about 
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0.20% of carbon, the 55-kip yield point may be achieved and the elongation 
in 2 in. will not be far below 25%; but, on occasion, the weld may still not be 
quite as free from undue hardening as might be desired. Further improve- 
ment can be secured by further reducing the carbon and adding silicon; or, 
finally, by using still less manganese and adding yet another element, a very 
attractive set of properties is securable. Thus, for example, in a chromium, 
manganese, silicon steel (Cromansil), as rolled in 0.5-in. to 0.75-in. section, 
with carbon, 0.12%; manganese, 1.0%; chromium 0.75%; and silicon 0.75%, 
one would expect to secure about such tensile properties as ultimate strength 
of 80 kips per sq. in.; yield point, 55 kips per sq. in.; elongation, 26% in 8 in., 
and reduction of area, 55 per cent. Slight improvement may result from a 
further moderate decrease in manganese and increase in chromium and silicon. 
Similar improvements are obtained by the use of nickel in rather higher pro- 
portions, say, 2% to 3%, and some corrosion resistance is secured simulta- 
neously. Whatever combination is utilized the corrosion resistance seemingly 
may be improved by the incorporation of as much as 0.50% copper and by 
the use of 0.10%, or more, phosphorus. A steel with which the writers happen 
to be familiar, is constituted in accord with the foregoing line of reasoning, 
with particular attention to high-yield strength and corrosion resistance, and 
has an average analysis approximately, as follows: 
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There are obviously many alloy combinations from which to choose in 
securing the mechanical properties set as the objective of the new structural 
steels. In selecting examples thus far the writers have only expressed their 
concept of a logical design of alloy-steel composition. It should be borne 
in mind that there are few, if any, sharp maxima in the ductility-strength 
combination when properties are regarded as a function of composition. 
Indeed the optimum composition ranges for the principal properties are prob- 
ably broad ones, and the minor desiderata may have to be taken into account 
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to enable a final choice to be made. An impression of the various alloy 
compositions offered to the trade may be gathered from an inspection of 
Table 3°. The writers are not responsible for certain apparent discrepancies 


that appear in Table 3. 


TABLE 3—Composition AND Properties or SOME COMMERCIAL STRUCTURAL 
AuLoy STEELS 
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The writers are persuaded that the low-carbon content of most of these 
steels is an important feature and one that is worthy of careful consideration. 
Not only is high carbon unnecessary in view of its replacement by larger 
additions of alloying elements in securing high yield strength (say, 55 kips 
per sq in.), but ductility in the as-rolled condition in thinner gages depends 
upon its being kept low; but still more important is the manner of hardening 
during rapid cooling after welding, which often is not easily: preventable. 
Some engineers regard about 0.15%, maximum, of carbon as highly desirable 
in the general case, although a higher percentage may be satisfactory in some 
instances. Clearly, the lower the carbon content, with physical properties 
constant, the less will be the opportunity for dissatisfaction in this respect. 
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At the same time wherever welding is not used, or in cases amenable to stress- 
relief annealing following welding, the higher carbon steels are applicable, and 
they may possess still higher strength. 

It is noteworthy that most of the low-carbon structural alloy steels mani- 
fest a relatively high endurance limit. Some of them are surprisingly high 
and others show an endurance limit of approximately 50% of the ultimate 
strength. Considering that comparatively few structures have to withstand 
full reversal of load, it is not believed that special consideration need be 
given this aspect of the question in the. substitution of the alloy steels for 
ordinary structural steel. 


ManuFaoturing Aspects 


From the standpoint of the user, the manufacturing operations at the 
steel mill, involved in the production of the structural ferrous alloys covered 
by this paper, do not differ greatly from those used in the production of ordi- © 
nary structural steel. There are differences, of course, in the manner in which 
the alloying elements are applied, in the furnace or in the ladle, in discard 
practice, and, in some cases, in the precise temperature at which the rolling 
process is finished, but it is believed that the civil engineer, who designs, 
fabricates, or erects structures in which the alloys in question are used, is not 
primarily concerned with these features. Indeed, operating practice differs 
in the several producing plants. Those who are interested may refer to the 
meritorious outline of mill practice in the production of the steels in ques- 
tion, which appeared in the Progress Report of Sub-Committee No. 2, Com- 
mittee on Steel of the Structural Division, on Structural Alloy and Heat- 
Treated Steels”. 

Of greater interest to the civil engineer is the extent to which the special 
grades in various forms are readily obtainable from the steel mills, The fact 
that manufacturing operations are similar to those required for ordinary 
grades does not mean that the special grades are as readily obtainable; they 
are not as easy to manufacture in a wide variety of section for several reasons: 


(1) At present, the demand for any given special grade is not as great 
as for ordinary grades; therefore, they are not rolled as frequently, or in as 
wide a variety of sections; and, 

(2) The execution of orders for small tonnages of a given special grade 
must either await the accumulation of other similar orders, or the required 
items must be taken from stock. The probability of the existence of a stock 
of the desired grade, and in the desired form and length of section, is much 
less than in the case of ordinary grades. 


For these reasons it is believed that prospective users should consult with 
the respective steel manufacturers as to the availability of a special grade of 
steel, for a designated structure, before they incorporate members of that 
grade into their design. 

One interesting fact not always realized by users relates to the excess 
material produced. When an order for a given lot of special steel is taken, 
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the steel mills regularly produce more than the quantity ordered so as to 
provide against possible rejections. If no material is rejected the excess is 
either scrapped or placed in stock. The latter practice explains the occasional 
offering by the manufacturers of odd lots of a special grade. 


SuMMARY 


By incorporating moderate proportions of the common alloying elements, 
already used in other alloy steels, and at the same time reducing the carbon 
content, structural steels are now manufactured, which possess increased 
strength, particularly yield strength, with little or no diminution of plasticity 
or ductility. Weldability and formability are maintained by virtue of this 
altered composition. Under suitable conditions these gains in desirable prop- 
erties may make possible an over-all economy in the use of alloy steel instead 
of the structural carbon steel in spite of its higher cost. 

When advantage is taken of the superior properties to reduce the thickness 
of members greater attention must be paid to corrosion resistance, because 
corrosive attack does not reduce the effective metal section in proportion to 
thickness, but irrespective of section. Fortunately, alloying elements can be 
selected which confer a reduced corrosion rate to the steel, and this is a 
valuable property wherever a protective paint or other surface cannot be 
maintained continuously. 

A number of alloy combinations are effective in achieving these results; 
manganese, nickel, chromium, and silicon are probably the most effective 
strengtheners, as ordinarily used, and copper, phosphorus, molybdenum, 
and vanadium are useful auxiliary elements. Copper, nickel, phosphorus, and 
chromium contribute important resistance to corrosion. 

In these low-alloy steels, when the carbon content is less than about 0.15%, 
and when the high yield strength is derived by judicious combination of the 
other elements, no serious hardenability interferes with welding processes, 
the formability is more than adequate, and the product is not unduly sensitive 
to commercial variations in composition or gage. The content of carbon or the 
powerful hardening elements should be regulated by the needed ductility and 
the needed freedom from air-hardening characteristics. 
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STAINLESS, HIGH-ALLOY STRUCTURAL STEELS 
By M. J. R. Morris*®, Esq., 


SyNopsis 


/ 

In the realm of civil engineering the products discussed in this paper are 
*new. The alloys generally used to-day are ferrous products of the mild struc- 
tural steel type, which have definite physical qualities and stable surface 
characteristics. The Engineering Profession, therefore, has evolved a design 
within their limitations and, it may be stated, the curve of progress is now 
flattening out. Any hope of marked improvement in design involving this 
grade of steel does not appear possible. 

Since about 1915 a class of steels has been produced in which the physical 
properties of the base (plain carbon) have been changed by the addition of 
alloys. This field of endeavor has been much capitalized in the structural 
steels for automotive engineering applications, but, otherwise, little use of 
these properties has been made by civil engineers; and yet, this evolution in 
automotive practice accounted for the most important change in steel metal- 
lurgy within the last two decades, amounting in 1929 to 1 ton in 15 tons. 

At the beginning of the World War a new chapter was opened, wherein 
the base plain carbon was alloyed with chrome, etc., to produce not only 
increased physical strength but also increased stability of surface. Unfortu- 
nately, this group has been termed stainless steels. They are not a single 
steel, but a large group, the base of which is approximately 12% chromium. 
This is the “corner stone” of the group which will be discussed in this paper. 


INTRODUCTION 


Steels designed under the specifications of the Society of Automotive 
Engineers have definite and desirable physical characteristics, but they do 
not possess the capacity to withstand various forms of corrosion; and it is this 
latter set of properties which enables this group to be used in lighter sections 
because of their better physical characteristics. It can thus be seen that one 
of the great drawbacks encountered in thinner sections of low alloy, high 
tensile steels—surface deterioration—is not found among the high alloys, and 
now for the first time a group of steels is being developed which will have 
increasing fields of application. 

Perhaps more than any other, the aircraft industry has exploited the use 
of stainless steels and of other high tensile alloys. This industry has been 
followed recently by the endeavors of the railroad companies. The Eads 
Bridge, at St. Louis, Mo., was a pioneer in raw products. It is a chromium 
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steel structure. Alloying 12% chromium with base plain ca rbon produces a new 
alloy, its ultimate tensile strength being capable of variation from 50 to 160 
kips* per sq in. by heat treatment. At the same time, this alloy is highly 
resistant to atmospheric, and ordinary water, corrosion attacks (referred to 
base plain carbon life, it would be infinite). 

This grade is in its simplest form, and can be further modified by increas- 
ing the chromium content with, or without, increasing the carbon. These 
properties are shown in Table 4. The chromium series are modified with 
small quantities of nickel (say, as much as 2.5%) to improve the physical 
properties and with molybdenum and silicon to increase the stability of the 
surface. These alloys are ferritic in structure and magnetic, and generally 
respond to heat treatment as a means of increasing their physical properties. 


TABLE 4—CuemicaL AND PuysitcAL QuaLities orf CHROMIUM AND 
CuromiumM-NickeL ALLOYS 
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TABLE 4—(Continued) 
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Tn the austenitic group of stainless steels the base is chromium plus nickel 
(approximately 18% chromium plus 8% nickel) with less than 0.20% carbon. 
These steels have low yield points, but high tensile strength, in the annealed 
condition; but they have an extremely high degree of ductility. They are 
incapable of gaining increased physical properties by heat treatment; they can 
be hardened by mechanical work only. The range of physical properties is 
large as shown in Table 4. This base alloy has been modified by molyb- 
denum, columbium, titanium, silicon, and copper, each of which contributes 
some desirable modification, depending upon the different field of application. 

Molybdenum is added within a range of 2 to 4% to increase its resistance 
to wet corrosion particularly of the sulfurous acid type. Columbium is added 
in quantities equal, roughly, to ten times the carbon content in order to 
affect the stability of the carbon at elevated temperatures. The effect is to 
prevent separation of carbon at the grain boundaries in the form of carbides, 
which separation is undesirable, as this condition is more susceptible to cor- 
rosion. Titanium is added for the same purpose as columbium and in quan- 
tities generally five times the carbon content. It was the first ingredient so 
used and may be supplanted by columbium. These end points are attained 
also by lowering the carbon content only, but the drawback is that grain 
refinement is not maintained at the same time; hence, the foregoing modifica- 
tion was developed. 

Silicon is added to increase resistance to dry corrosion or scaling at 
elevated temperatures. There is no marked increase in strength from the 
addition of this alloy. Copper is added at the present time for the purpose 
of increasing resistance to wet corrosion, and possibly definite data on its rdle 


will be forthcoming in the near future. 
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PHYSICAL PROPERTIES 


The physical properties of the alloys are given in Table 4. One item 
that should be emphasized especially is the elastic limit of the mechanically 
worked austenitic type; the degree of mechanical working necessary to attain 
this value properly is in excess of 25 per cent. It is then noted that the elastic 
limit is indefinite and the curve is continuous. The evaluation of this 
characteristic can readily be seen to be widely divergent, depending upon the 
method utilized. This fact is shown in Fig. 24(b). The characteristics 
of types of stainless steel that are hardenable by heating are shown in 
Fig. 24(a). This is of the same type as in all the steels patterned after the 
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specifications of the Automotive Society of America, but, as already men- 
tioned, the austenitic steels can be hardened only by mechanical working. 
Therefore, referring to the basic plain carbon structure, a margin of superior 
physical properties is found which is several times the present base. 

In addition, these austenitic steels are easily weldable by the modern elec- 
trical or gas-welding methods. They can also be formed, punched, and forged 
without difficulty, but it should not be forgotten that they are stronger steels 
and, therefore, will require more energy to work. It is safe to state that 
they are being handled successfully to-day. 

It is now logical to discuss briefly the most important property of this 
group of steels; that is, their corrosion resistance. No one steel in this field 
has properties adaptable to every case and it is for this reason that the word, 


October, 1986 STAINLESS, HIGH-ALLOY STRUCTURAL STEELS 1205 


“stainless”, has been unfortunate and, in fact, has hindered their proper 
development and use. It is just as improper to state that there is only one 
acid. Metallurgists know better to-day, and this important fact being appre- 
ciated is leading to more intelligent application and thorough understanding 
of these steels. 

The civil engineer has various atmospheric conditions confronting him— 
from pure country air to sea air—and highly industrialized conditions. He 
encounters problems of diverse characteristics, from the practically non-cor- 
rosive to extremely corrosive types. These conditions can be analyzed much 
more readily to-day than in the past. Lastly, he meets a variety of soil con- 
ditions, which can be also measured much more intelligently to-day for their 
corrosion conditions. It can be seen, therefore, that knowing these conditions, 
the metallurgist and the engineer can design a more suitable steel product to 
serve a particular purpose. 

Since about 1925, much has been done to stress the corrosion fatigue 
properties of steels. This emphasis has increased, definitely, the importance 
of obtaining the necessary information as to the medium of application. The 
surfaces must have a maximum degree of corrosion resistance. 


MANUFACTURE OF STAINLESS STEELS 

Because of their high alloy content, all the stainless steels discussed in 
this paper are made in an electric furnace of a maximum capacity of 20 tons, 
generally approximating 10 to 15 tons. The ingots are generally rolied, but 
the more special types are much stiffer and are forged from the ingots into 
blooms, which are then rolled. 

Being much stiffer than the ordinary plain carbon steels or structural alloy 
steels, stainless steels are slower to absorb heat and have a narrower working ~ 
range. The mills, therefore, are different from those used for manufacturing plain 
carbon steel. They are usually slower and more powerful. It is necessary to have 
very good temperature control and good fuel conditions. These steels demand 
a more complete understanding of the mechanical working operations; other- 
wise, no resemblance of success is obtained and much disappointment results. 
However, these are days of definite control of operations, and rule-of-thumb 
and good luck should not, and cannot, exist. 

It has already been stated that the rolling requires extra strength, but that 
the annealing and cooling conditions must have definite control. It is a 
matter of general practice to handle straight chromium types as all ferritic 
and hardenable steels are handled—that is, they are cooled very slowly. In 
the austenitic types, however, the reverse is necessary in the case of nearly 
all sections in present use. When cooled slowly, the crystalline structure of 
these types is endangered and rendered more or less useless, but this condition 
is so easily tested that there is absolutely no excuse for a poor product being 
shipped from the steel mill or by the fabricator. Generally, it can be stated 
that sections containing less than +$y in. cool rapidly enough in air so that 
this harmful condition is avoided. The thicker sections are quenched to 
increase their rate of cooling. Hence, it is seen that the two annealing 


treatments are opposite. 
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The entire group of these alloys is complex and at the present time their 
methods of manufacture and production are truly in the evolution period or 
flux; it is encouraging to be able to state that rapid progress is being made. 
In a period of little more than 10 yr a product has been transformed from 
the jewelry classification to one of promising expanding industrial uses, and 
it is computed that the production for 1936 is well on the way to 100 000 tons. 


APPLICATION OF STAINLESS STEELS IN CrviL ENGINEERING 


The application of stainless steels should be divided into fields of endeavor. 
It has been shown in recent years that, on certain jobs, definite use can be 
made of this group of steels, and all such applications have been major invest- 
ments of the more permanent type. It would be better to divide the various 
uses into fields that have passed beyond the pioneer stage and describe the 
better known uses in each field. 

Dam Construction —A proper field for the application of stainless steels 
has been in the construction of dams, such as in gate-rollers, guides, seal 
strip, and screw mechanism for raising and lowering the gates. All this use 
applies to the gate structure and mechanism. -It is conceivable that the larger 
gates could be made of structural steels overlaid with stainless steels and, 
although there are not yet a sufficient number of cases upon which to base 
sweeping conclusions, it is felt that such a suggestion would be accorded a 
high preference. These applications are seriously dependent upon freedom 
from corrosion in order to keep the mechanism free to operate, galling and 
rusting being fatal. The rollers and guides usually contain 12% chromium, 
heat-treated to a Brinell hardness number of about 350. The seal strip is 
austenitic, with low carbon content, of the type analyzed in Items Nos. 5 to 10, 
Table 4. 

At present, expansion joints. between concrete blocks in dam construction 
are being made of a thin gage strip of low carbon steel. Several of the projects 
in the Tennessee Valley Authority have this form of construction. It has . 
been thought that, in rock-fill dams, the water face should be of thin stainless 
sheets, and it is reputed that one such application is being installed in the 
Severn River, in Great Britain, as an experiment. The ducts controlling 
the water to and from the locks should present a proper application of stainless 
steels as liners; this is being considered in some designs at present. 

One of the largest uses of stainless steel in dam construction has been on 
the Aswan Dam, in Egypt, in which about 2500 tons were used. The dam 
is 1.25 miles long, and was built in 1892. At the end of 1928, an International 
Commission inspected it and reported the necessity of further raising and 
strengthening it. Accordingly, it was decided to erect masonry buttresses 
between the sluices, but instead of these buttresses being fixed to the face 
of the dam, they were to be laid against a layer of stainless steel plates placed 
against the face. The buttress thus was to become a live load. These alloy 
plates, with a high chromium and nickel content, are 7 mm (0.280 in.) thick, 
and of varying sizes to suit the dimensions of the masonry buttresses in 
conjunction with which they are to be used. 
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More than 100 tons of 4 to 6% of chromium steel were used in the con- 
struction of a dam completed in 1935 at Hawk’s Nest, W. Va. The steel was 
used as concrete reinforcing rods and represents one of the first applications 
of alloy steels to this type of work. The 4 to 6% chromium steel was selected 
because, by its use, a high tensile strength (180 kips per sq in.) could be 
obtained without special heat treatment and also because the chromium 
content renders these rods much more immune to the rusting that always 
oceurs in such applications. 

Great quantities of stainless steel were used for sluice-gates, rollers, etc. 
on the Arapuni Power Project, in New Zealand. This is a unique installation 
because of the great head of water. The gate is the most heavily loaded in 
the world, the total water pressure on the face being 2.000 long tons. 

In bridge design, the rockers and rocker-plates have recently been made of 
stainless, heat-treated steel. Some experts maintain that the solid floors 
of bridges can be modified profitably by the use of stainless grating structures, 
which are claimed to be stronger, considerably lighter, more rust resistant, 
and more resistant to wear. One bridge has been so modified. This develop- 
ment received its first important impetus from experiences with the George 
Washington Bridge over the Hudson River, in New York, N. Y. 

Stainless steel wire was used for auxiliary counterweight cables on the 
Buzzard’s Bay Bridge, at Cape Cod, Massachusetts. This steel was the type. 
analyzed in Items Nos. 5 to 10, Table 4, and the cables were 18 in. in 
diameter. These cables are in a position not readily accessible for inspection 
and the use of stainless steel is an added safety factor. 

Sewage Disposal Plants—Stainless steel products should find definite 
application because of their anti-fouling ~properties. Heavy pipe lined with 
stainless steel has been used in large quantities in the City Sewage Plant, 
at Milwaukee, Wis., because of its low friction factor. 

Intakes.—In water systems supplying cities, etc., the austenitic and straight 
chromium types of steel have been considered. These steels have been applied 
on intake screens, the type used depending on the design; and generally they 
have been the austenitic type. The filter screen in artesian well installations 
has disposed of considerable stainless steel. These screens are of several 
designs, either wire or sheets being used. Wells of this construction are very 
easily cleaned. In filter beds, thought has been given to utilizing perforated 
stainless steel for the floors, the perforation being of such size as to eliminate 
certain of the coarser gravels. 

In 1935, a huge intake crib was completed in Lake Michigan off the foot 
of Chicago Avenue, Chicago, Til. It covers the intake from which water for 
the municipal supply is drawn from the lake through a tunnel below the lake 
bottom. Older cribs were constructed of granite. A unique feature of this 
attractive new concrete and steel structure is the stainless steel ring that 
lines the shaft. It serves to protect the shaft and to resist the rust and erosion 
that could be expected to attack other forms of construction. It is 39 ft in 


diameter, 10 ft high, and weighs 8700 lb. 
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Reinforced Concrete Structures.—In reinforced concrete structures several] 
problems are presented which may be helped sometimes by the use of stainless 
alloy steels.) When ordinary steels rust, the products of this rusting occupy 
a decidedly larger volume than that occupied by the non-rusted product from 
which it came. This produces expansion stresses which may result in cracking 
the concrete. If the superimposed thickness of the concrete is slight, the steel 
work is soon exposed; if the concrete covering is thick, this rate of rusting is 
much less. However, this thought has been embodied in the construction of 
one dam and, although the alloy was not the true stainless type of steel, its 
use was a pioneering effort which embodied the principles. _ 

In constructing a new reservoir near Sheffield, England, the engineers 
decided to demolish an old weir on the River Derwent and to build a measur- 
ing channel instead. This channel is unique in that its masonry bed is 
covered with a stainless steel sheet, the purpose being to prevent the growth 
of moss and other vegetation that would choke the flow and induce errors in 
the measurements. This application of stainless steel, although unusual, is 
entirely practical and is indicative of the extent to which foreign engineers 
are utilizing its advantages. 

Finally, large roofs demonstrate the first use of metals possessed of cor- 
rosion-resisting properties. Lead was an early form—then copper, brass, and 
other non-ferrous products. Necessarily, all this preliminary experience was 
with such metals as these because of the known attributes of steel and iron 
products. In these special applications, as ably demonstrated by the roofs 
of the Pennsylvania Railroad Station, in New York, N. Y., steel and iron 
rusted quickly and were not easily worked. Stainless steels could be used 
in such cases with a saving in weight of at least 10 per cent. 

St. Paul’s Cathedral, in London, England, is a splendid example of how 
masonry structures that are weakening from age may be strengthened by 
stainless steel. A few years ago Government inspectors discovered that the 
huge dome of this famous old cathedral was showing signs of deterioration. 
Not only was the life of the magnificent structure threatened, but the fractures 
in the dome constituted a serious danger to worshippers. Tests were made 
both with tie-rods of strong common alloy steels and with rods of special 
stainless chrome-nickel steel. The rough oxidizable surface of the common 
alloy steels adhered to the cement readily, which at first seemed to be an 
advantage. However, it required a maximum load of only 2.85 tons to with- 
draw the plain rods. Then bars of stainless steel were rolled and indented 
so that a series of flat rods-was formed. To withdraw these bars from the 
hardened cement took a maximum pull of 18.88 tons. The result is that 
stainless steel tie-rods, 40 ft long, threaded at each end, and 4 in. in diameter, 
are now firmly embedded in the walls of St. Paul’s Cathedral to tie the inner 
wall to the outer wall of the dome. 

Irrigation.—Much stainless steel is being utilized in irrigation practice 
partly to resist corrosion. The Shanan Plant, on the Uhl River, in Punjab, 
India, is an excellent illustration of this development. 
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OoncLUSION 


It would appear, therefore, that stainless steels of various composition, 
permit the selection of a type with attributes that will fill the demands of any 
given engineering problem. At present)it is not as simple to supply them as 
in the case of the plain carbon steels because the cost would be excessive. 
When the cost is secondary, or when a high first cost is justified by hazards 
to life, they can be applied. However, although the application of stainless 
steels to safeguard life is increasing, this is not the only field. In large strue- 
tures, weight will be materially reduced by designing these alloys in conjunc- 
tion with the low carbon types. As in the case of the railroad and the airplane, 
conventional designs will not be followed but types of structures will be 
evolved. This will enable a more widespread use of stainless steels. The 
problem now is to learn to use their valuable properties. 
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LIGHT-WEIGHT STRUCTURAL ALLOYS 


By ZAY JEFFRIES, EsQ., C. F, NAGEL, JR.°*, Esq., 
AND R. T. Woop*", Esq. 


SyYNopsis 
This paper is intended primarily to present those metallurgical principles 
and properties of the light-weight alloys which govern: (1) The selection of 
the most suitable composition, temper, or form of material; and (2) the selec- 
tion of fabricating practices and degree of control required if the best results 
are to be obtained. As the paper embraces both aluminum and monensin, 
and as their characteristics differ so widely, they will be dealt with separately. 


PART I— ALUMINUM 


_ History 


Many aspects of the history of aluminum have been amply covered in the 
literature, especially in 1936, which marks the Fiftieth Anniversary of Hall’s 
noteworthy discovery™, an event which extracted this metal from the limited 
enjoyment of the few and made it available as a common article of commerce. 

In spite of these previous writings, it is considered worth while to sum- 
marize briefly those pertinent events and developments that caused aluminum 
to become a structural engineering material. It may well be remembered that, 
for years, the position of this metal in the industrial “sun” was almost limited 
to essentially non-engineering applications, as, for example, the humble 
household cooking utensil. During those years, it was not deemed reasonable 
that such a light metal could do the world’s “heavy work.” It appears that 
it was not until aluminum alloys were used in the construction of aircraft 
that they were conceded the possibility of becoming engineering materials in 
any field. 

In 1898, an Austrian, named Schwartz, constructed a rigid airship with 
the framework and outer covering of aluminum. Unfortunately, this ship 
was destroyed on its first landing and, hence, this effort should probably not 
be recorded as establishing the validity of aluminum alloys for engineering 
purposes. However, on July 2, 1900, Count von Zeppelin, after many difficul- 
ties, launched his first rigid airship. Gaged by the standards of that day the 
aluminum alloys, from which the framework of this ship was constructed, 
functioned satisfactorily. The composition of these early aluminum materials 
varied somewhat, but they were principally aluminum-zine alloys. They were 
not heat treatable, but obtained their strength from the effects of the added 
alloying elements, coupled with cold working. 


% Associated with Aluminum Co. of America, Pittsburgh, Pa., and Gen. Elec. Co., 
Schenectady, N. Y. ; 

*% Chf, Metallurgist, Fabricating Div., Aluminum Co. of America, Pittsburgh, Pa. 

“ Chf. Metallurgist, Magnesium Corp:, Pittsburgh, Pa. 

s“Hifty Years of New Product Development”, by Messrs. Frary and Wdwards, 
Chemical and Metallurgical Engineering, February, 1936, p. 64. 
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In 1909, Alfred Wilm, of Germany, brought forth an aluminum alloy, 
since known as duralumin, which was infinitely superior to those formerly 
available. The superior combination of qualities of this alloy, such as high 
strength, workability, and resistance to corrosion, very quickly indicated its 
usefulness as an aircraft material. This alloy, and the process by which it is 
manufactured, is of particular historical interest for two reasons: By ge 
marks the first noteworthy instance in which the strength of an aluminum 
alloy was increased materially by means of a heat-treating operation; and (2) 
in later years, the explanation of this behavior, originated by P. D. Merica™ 
and his associates, revealed to the world a new metallurgical principle and 
one which not only profoundly affected later developments in the aluminum 
industry but also the metallurgical advance of many other metals. 

Marked progress has been made during the past fifteen years in acquiring 
an understanding of what occurs within the structure of the metal during and 
subsequent to the heat-treating operation. This has made possible an intelli- 
gent selection and control of the alloying ingredients and manufacturing 
processes, resulting in an ever growing list of improved and more useful 
products. 

Especially during the early years of this development period the principal 
urge for higher strength, greater uniformity of properties, increased resistance 
to corrosion, and greater diversity in the form and range of sizes came from 
the aircraft industry. This was not unnatural. Several conditions in the 
aircraft industry immediately following the cessation of the World War, 
which corresponded approximately with the commercial introduction of the 
heat-treatable aluminum alloys, all conspired to bring about an intensely active 
development on a co-operative basis between the aircraft and the aluminum 
industries. The aircraft industry was in its infancy; the application of the 
metal was of even more recent date. There are few engineering fields in which 


the demand for perfection of properties is necessarily so highly exacting, in 


which the materials of construction must be utilized so efficiently, and 
in which the factor of safety must, of necessity, be calculated to such a fine 
point. At the same time, the penalty of a failure is terrific. 

The industry proceeded with the best materials then available, setting 
specifications that called for the most constant vigilance for their fulfillment, 
but pressed insistently for continued improvement and advance. The alumi- 
num industry responded, especially in the United States, and there ensued 
a development which resulted in the commercial production of a variety of 
new aluminum products not hitherto available. The guaranteed minimum yield 
strength was increased more than 100% in less than twenty years. New 
products were produced, possessing such excellent resistance to corrosion that 
they could be used bare without any protective coating whatever and this, in 
sheets, as thin as 0.0095 in. 

The object of relating this history is not primarily to praise the aircraft 
industry (although praise is due), but to indicate the standards of achieve- 


«*‘Heat Treatment of Duralumin” 
November 15, 1919. min”, Paper 847, National Bureau of Standards, 
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ment sought during this development period. These same standards have gov- 
erned the development of other aluminum alloys for other engineering 
applications. 

The demands of other industries also contributed considerably during this 
period, and increasingly so. The railroads became actively interested in 
light alloy construction at least as early as 1923. Rightfully, they empha- 
sized initial, as well as ultimate, cost; they stressed length of useful service 
far beyond that required for aircraft during that period. Aviation’s first 
problem was to make something fly; and, next, to fly well and safely. Now 
it has reached the stage of adding “and economically.” 

Other industries came in for increased attention: The truck, the bus, the 
marine structure, construction equipment, building materials, sewage disposal 
equipment, and now the bridge industry. 

Each field presented different problems, problems that differed as to 
technical characteristics of the material that were of governing impor- 
tance, as to requirements dictated by design and feasible fabrication 
practices, and as to competitive costs. The result has been the development 
of a relatively large list of alloys and tempers, available in a very extended 
range of forms and sizes, some especially suited to one field, some particularly 
adapted to other fields. With the production of these new materials has come 
a substantial fund of knowledge of the metallurgical principles involved, 
an understanding of which is very helpful in the intelligent selection and use 
of these materials. 


Important MeranuurcicaAL Princtetes or StructuraL ALUMINUM ALLoys 


Effect of Composition—The more common metals used for alloying with 
aluminum are copper, silicon, manganese, magnesium, zine, nickel, and 
chromium. Although occasionally only one of these alloys is added, fre- 
quently two or more are introduced, the quantity of each depending on the 
results desired. It is not possible to predict, definitely, the exact properties 
of a new composition, nor just how it will respond to various manufacturing 
processes; and yet certain general principles have been developed. The addi- 
tion of any one of these elements results in increasing the ultimate strength, 
yield strength, hardness, shear, and fatigue or endurance values, usually at 
the expense of elongation, reduction of area, plasticity, and malleability. 
Magnesium is one exception. Although the strength is regularly increased 
(see Table 5), in conformity with the general principle, by the addition of 


TABLE 5.—Errect or AppiTioN or MacNnesIuM Upon MecuanicAt Proper- 
t Tres or ALUMINUM-MagNeEstuM ALLOYS IN THE ANNEALED TEMPER 


Tensile Yield Per- Tensile Yield Denon 
Magnesium | strength, strength, centage Magnesium strength, strength, centage} 
content in kips in kips elonga- content in kips © in kips elonga- 
(percentages) | per square | per square tion in 2 || (percentages) | per square | per square tion in 2 
inch inch inches inch ine. inches 
0.75 15.00 6.00 30.0 5.30 38.70 17.50 27.0 
2.50 26.76 10.70 Oa 6.00 42.00 18.50 29.0 
3.00 28.90 11.65 Pia hire 2 oth 8.00 46.00 21.00 32.0 
4.25 35.50 15.25 26.0 10. 52.00 24.00 32.0 
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more magnesium, the elongation at first decreases, but later recovers. The mod- 
ulus of elasticity is only slightly affected by alloying. The greater the 
quantity of the alloying element, the greater in general will be the effect upon 
the several properties. The magnitude of the effects also varies with the 
particular alloying metal; that is, the addition of, say, 2% of copper will not 
affect the mechanical properties to the same degree as the addition of the 
same percentage of magnesium. Each alloying agent possesses its own quanti- 
tative influence. 

The aluminum most resistant to corrosion is that of highest purity; in 
other words, the general effect of alloying is to lower. this resistance. 
Again, the several metals vary in their effects. The alloys with copper and 
zine are among the least resistant; the manganese and the magnesium alloys 
are on a par with commercially pure aluminum. The alloy consisting of 1.25% 
manganese (38)®, possesses a resistance to corrosion quite equal to that of com- 
mercially pure aluminum (28). Likewise, the alloy (52S) consisting of 2.5% 
magnesium plus 0.25% chromium, and the alloy (53S) that consists of 
1.25% magnesium, 0.7% silicon, and 0.25% chromium, and can be heat-treated, 
all possess a resistance to corrosion that places them in the same class as 
commercially pure aluminum. Corrosion resistance is one of the properties 
of these alloys that frequently dictate their selection. 

Although the corrosion-resisting qualities of any particular new alloy can- 
not be definitely predicted in advance, many individuals and organizations 
throughout the world have concentrated on studying the specific behavior of 
present commercial and experimental compositions when subjected to a wide 
variety of laboratory and service conditions, with the result that there is 
available a wealth of useful information from which the prospective user can 
determine fairly well whether a particular alloy will meet his requirement 
satisfactorily. 

Another effect of change in composition that may be of importance is that 
upon weldability. All the commercial aluminum alloys can be welded by the var- 
ious methods—such as torch, electric spot, seam, butt, and are—but the 
facility with which this can be accomplished and the properties of the result- 
ing joint vary considerably, depending on the composition and, in some cases, 
on the welding method. For example, some magnesium-bearing alloys are 
less readily weldable by the torch than most other aluminum alloys, whereas 
they lend themselves especially well to joining by the electric spot and seam 
methods. 

Welding means joining by fusion, regardless of the source of heat. Hence, 
during the act of welding, a portion of the parent metal becomes molten and, 
later, re-solidifies. Some compositions are rather tender or “hot short” at 
temperatures close to their melting points and cannot easily withstand the 
relatively high local contraction stresses set up during solidification and cool- 
ing. This is the case with some of the copper and magnesium-bearing alloys, 
whereas the silicon-bearing alloys behave differently. An alloy (48S) of 5% 


oo 
h Ww. 
a a e LA idake = parentheses denote the trade designation by which the alloy is 
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silicon possesses a relatively small solidification contraction, a low melting 
point, and a wide melting range. ; 

Therefore, when a particular job is rather difficult to torch weld, because 
of the characteristics of the alloy or the complexity of the assembly, recourse 
is frequently had to a 5% silicon alloy (48S) for the welding wire. This is 
often the choice when the parts to be assembled must be held rigidly in a jig, 
a situation that prevents free movement of the parts to compensate for 
expansion upon heating and contraction upon cooling. 

In any welded joint, there is a portion of metal that is in the form of a 
casting, unless the joint is of such a design as to permit the hammering, and 
thus the conversion, of the metal into its wrought state. Therefore, considera- 
tion must be given as to whether the properties of the particular alloy in the 
form of a casting will be satisfactory. Some compositions (99% aluminum) 
are as ductile and tough in the form of a casting as in their wrought state, 
whereas others have a relatively low elongation. Furthermore, the heat- 
treatable alloys, when in the form of a casting, do not respond to the 
heat-treating operation as quickly, nor to the same degree, as when in 
the wrought state. In the case of a torch weld, fusion takes place completely 


Fic. 25.—CROSS-SECTION OF Burr TorcH WELD IN A 99% SUUMIND SHEET. 
WeLpING Wirp Is ALso 99% ALUMINUM. (MAGNIFICATION, 7.5 TIMES.) 


through the thickness of the parts being joined. On the other hand, electric 
spot and seam welding cause the melting of only a very small portion, and 
this area, in a properly made spot, does not proceed to the surface of the 
joint. This is ‘Jlustrated in Fig. 25 and Fig. 26, which show in cross 
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section a torch and a spot weld. The details regarding these matters have 
been well developed, and are available in current literature”. In Fig. 25, 
note that the metal in the welded portion has been melted completely through 
the thickness. In the case of the spot weld the area affected became molten 


Fig. 26.—CROSS-SecTION THROUGH A LAP, HLectric Spot, WELD IN AN ALUMINUM- 
MANGANESE-CHRONIUM SHEET. (MAGNIFICATION 10 TIMBS.) 


during the process. In Fig. 26, note that this dark area has not proceeded 
to the surface of the joint. 

One of the major justifications for using aluminum in structural appli- 
cations lies in its relatively low specific gravity in comparison with the other 
commercial metals. Although the specific gravity of the various aluminum 
alloys differs, this difference is so slight as seldom to constitute a factor ‘in 
deciding whether to utilize one aluminum alloy rather than another. ° The 
greatest difference in this value among the present commercial aluminum 
alloys is about 3.5 per cent. Some ofthe alloys in which magnesium or 
silicon are the alloying agents are actually lighter than pure aluminum (see 
Table 6). 

The coefficient of thermal expansion is also affected by the composition 
but here, again, the difference is so small as not to influence one’s choice 
in favor of any particular alloy (except, perhaps, in some very special case), 
nor to argue against the selection of several different aluminum alloys in the 
same structure. 

Other physical properties affected by composition are the electrical and 
thermal conductivities. These effects may be substantial. Typical values 
are shown in Columns (10) and (11), respectively, of Table 6. 
eens Sica ae se 5 Ay en 
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“a“The Welding of Aluminum”, by the Aluminum Co. of America: “The Aluminum 
Industry—Aluminum Products and Their Fabrication”, by Messrs. Edwards, Frary, and 


Jeffries; and “Gas Welding Aluminum and Its Alloys’. | R y 
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TABLE 6.—Errect or Composirion, Corp Work, anp Heat Treatment 
Upon Speciric Gravity aNnp EvectricaL AND THERMAL OONDUCTIVITY 


AtLoyinc ELEMENTS* (Pre CENTAGES) Electri- | therma 
Them cal con- 
-_., |duetivity| Condue- 
tes A Weight, (per- Y| tivity at 
Pebl jaa Specific me centages 100° C 
7 c Description All | gravity pounds | of inter- (centi- 
) Cop- | Sili- | Man-| Mag- | other per cuble) 7s tional meters 
per | con |ganese|nesium| alloying ineh copper ine 
elements stand- | 8°¢00 
era) units) 
(1) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
Electrical conductor a RG asia S eanon f 61 
BE Mecealedi gee. a ipa erode hay 
Hard rolled........:..- , Woatees aibicie chon Satie ano 2.71 0.098 57 0.51 
pi [Annealed «6... 4- 50 | 0.45 
Hard rolled Grae eS 4 eels Waters M25 eete saa 2.73 0.099 40 0.36 
Galediste hh. dati des eis 
of | aed cc col. Jos fos | .... | 220 | oan |f | 98 
Annealed,...........- ¢ 
10 Hest treated SRC eR 4.5] 0.8/0.8 }.... | 0.05 2.80 0.101 5 0:36 
Annealed.......-.----- 
4 aeivclled Lie ekuizeaiatetss ; vere feces focee [2.5 0.25 2.67 0.096 2 0:32 
Annealed............+. 45 | 0.40 
13 { Saad... 0|....| 0.7] .... [1.25 | 0.25 | 2.69 | 0.097 |) 49 | 0:36 
* Remainder, aluminum plus normal impurities. + “Common alloys”. ¢ Minimum allowable. 


Effect of Cold Working—As with other common metals, cold working 
affects the mechanical properties of aluminum and all its alloys. All the 
various strength properties, stiffness, and endurance values are increased, 
and the plasticity, malleability, reduction in area, and elongation, are 
decreased. The modulus of elasticity is not affected. 

For certain types of deforming operations, such as the cold rolling of 
sheets, in which the reduction in thickness is an accurate measure of the 
degree of cold working, a formula has been developed by R. L. Templin,” M. 
Am. Soc. ©. E., which permits the prediction of the new tensile strength 
after the material has been reduced in thickness any specified amount. This 
formula is, 


=e Ue @ ULE CSR (8) eee on ORR a (2) 


in which 7 = the new tensile strength, in pounds per square inch; T> = the 
tensile strength of the properly annealed metal; and R = the reduction in 
thickness expressed as a decimal. Aluminum products which have under- 
gone an 80% reduction of cross-sectional area by cold working, without inter- 
mediate annealing, are considered “hard”, and the rate of strain hardening 
up to this point may be considered constant. Equation (2) applies to 
cold working up to the equivalent of R = 0.80. Mr. Templin® also shows 
the relationship between the tensile strength and the yield strength, and 
offers a formula to calculate the new elongation. As these latter formulas 
are rather complex, and as their use is based upon certain limitations, too 
lengthy to include in this paper, the reader ig referred to the quoted 

@ “The Aluminum Industry”, Vol. Il; “Aluminum Products and Their Fabrication”, 


Hdwards, Frary, and Jeffries, p. 406. 
* Loc. cit., p. 410. 
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reference. As a general rule the yield strength increases and the elongation 
decreases during the early stages of cold working at a much more rapid rate 
than the tensile strength increases. In annealed material, the yield strength 
is about one-third the ultimate tensile strength. With about 20% or more of 
cold working the yield strength is about 80 to 95% of the ultimate strength. 

However, most of the forming methods are complex, or deform various 
portions of the metal in different amounts; for example, in forming a simple 
right-angle bend, only that portion of the metal approximately included 
within the bending are becomes worked, and that to a variable extent. The 
fibers along the inside surface will have been subjected to compression, where- 
as those on the outer surface will have been subjected to stretching, both 
of which types of deformation affect the metal in the general manner just 
indicated. No formula has yet been devised which measures the magnitude 
of such working. When forming a shape in a draw press, the metal is 
stretched in a longitudinal direction and is deformed under compression in 
a transverse direction with usually no appreciable change in thickness. 
Furthermore, as the metal slides over the radius of the die, it is first bent 
90° and immediately thereafter it is re-straightened. Such a complex deforma- 
tion introduces a large amount of working. No formula exists, which predicts 
the degree of the cold work nor, quantitatively, the values of the new set 
of properties. Although certain problems would be simplified if such formulas 
were available, their non-existence is not a particularly serious handicap. 

It is the fabricator’s task to fashion the metal into the shape and design 
as specified without fracturing it. He must depend on his own past experi- 
ence and that of others in like or similar cases, and to “cut and try” methods. 
If a sample specimen fractures upon attempting to form a certain bend, a 
larger forming radius must be used, or a softer temper, and perhaps the 
shaped part will have to be hardened by heat treatment. The manner in which 
the working is performed may be important at times; for example, when 
forming a rivet head, it is preferable to accomplish the deformation by one 
squeeze or by a few sufficiently heavy blows, rather than by a great many 
lighter blows. Under the action of one continuous squeeze, the metal is quite 
uniformly worked throughout its mass. With many light blows, a much larger 
percentage of the energy is first absorbed by the surface layers before the 
centrally located portions have become deformed at all. If carried to 
the extreme, such surface hardening may be the cause of starting surface 
cracks before a satisfactory head will have been formed. The principle in 
this case is that cold working hardens the material and gradually depletes 
its capacity to withstand additional cold deformation. The rate of this 
effect varies among the metals. Tin and lead harden but very slowly; copper, 
iron, and aluminum harden much more rapidly. The alloys of aluminum 
(and this is generally true for the other metals) harden more rapidly than 
the pure metal ; that is, with large total amounts of cold deformation a 
re-softening (annealing) might be necessary with the alloy, whereas this 
might not be required with the pure metal. 

The engineer, on the other hand, is interested mainly in this matter of 
work hardness, in terms of the capacity of the finished structure to perform 
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its intended purpose satisfactorily. This involves at least two questions: 
(1) Will the newly made structure possess adequate strength? and (2), will 
it retain that strength under the anticipated service conditions? 

Because of lack of 100% accuracy of design methods, regardless of metal, 
influenced partly by the inability of any formula to take into consideration 
all the tolerances necessitated by commercial limitations, the answer to the 
first question is frequently determined by testing sample structures and 
accurately measuring the stresses induced in various members. With 
reference to the second question, it can be stated for aluminum and its alloys 
that the effects of cold work remain substantially constant unless some sub- 
sequent heating, sufficient in magnitude, should cause some change in the 
properties of the metal. 

Gold work has little effect on the corrosion resistance of the aluminum 
alloys. As a matter of fact, there is some evidence that cold working may be 
slightly beneficial. Tests indicate that an alloy containing aluminum, 
copper, magnesium, and manganese (Item No. 4, Table 6) which has been 
heat treated and subsequently further reduced by cold working, is some- 
what more resistant than the same alloy, heat treated but without the 
additional cold work. However, the magnitude of this difference is insuffi- 
cient to give it commercial importance, other than to offer assurance as to 
the harmlessness of such cold work. 

Cold work does not affect the weldability of any of the aluminum alloys. 
This would appear obvious as the heat, introduced by the welding operation, 
merely removes the effects of the cold working before the temperature of the 
metal has reached the point where welding can take place. 

Cold work does not appreciably affect the specifie gravity nor the thermal 
expansion. The electrical and thermal conductivity may be slightly reduced 
as indicated in Table 6. 

Effect of Heating and Cooling—When any aluminum alloy that has been 
merely cold worked is heated to its annealing temperature the effects of that 
cold work are removed immediately. This operation is called “annealing.” 
Details of proper annealing practice for the several alloys are well covered 
by existing literature and will not be repeated herein. This softening effect 
is of importance to the fabricator as occasionally he must have recourse to 


-annealing in order to re-soften the metal and thus permit of further cold 


deformation. Any of the aluminum alloys may be cold worked, annealed, and 
further cold worked any number of cycles desired. If the annealing is per- 
formed correctly, the product will possess properties identical with those of 
the annealed temper. 

It is preferable to heat the material rapidly as this is conducive to produc- 
ing a fine crystal structure—a coarse structure being somewhat weaker. The 
more rapid the heating, the finer the metal structure. This is more critical 
with small amounts of cold work (equivalent to about 4% reduction in 
thickness) than with larger amounts. 

In the annealing of the “common alloys” (that is, those not susceptible to 
increasing strength by a “heat-treating” operation), no particular precaution 
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or care need be exercised against heating the metal somewhat above the 
required annealing temperature. Of course, heating the metal to, say, 800° F, 
when 650° F would have accomplished all that was desired, is unnecessary. It 
would be of value to have the furnace temperature substantially above the 
desired final metal temperature in order to re-crystallize quickly and thus 
obtain the finest crystal structure possible, but the load should be removed 
when the metal has reached the desired temperature. The feasibility of 
utilizing such a procedure depends on the particular furnace. Continuing 
to heat the metal beyond that point, and holding it there, is conducive to 
causing a coarser and, hence, less desirable crystal structure. Although no 
harm will result should the metal cool rapidly, such cooling is not generally 
of value. Something might be said in favor of permitting the mass to cool 
slowly on the grounds that the central portions of the load might not have 
reached the desired temperature, and such discrepancy would tend to be 
corrected by permitting a large mass to cool slowly. 

With heat-treatable alloys, the principles are somewhat different. This 
can be better appreciated after covering the matter of heat treatment of 
aluminum alloys. No attempt will be made to describe in detail what 
occurs within the internal structure during and following the heat-treating 
operation. ‘This also is well covered in the literature. Only a very brief 
résumé will be given herein. 

The heat treatment of the aluminum alloys involves heating the metal 
to specified elevated temperatures, so as to put certain constituents in solution 
in amounts greater than their solubility at room temperature. Upon quench- 
ing the alloy, after such heating, it is in an unstable condition because of the 
excess of constituent in solution. This excess tends to precipitate, the effect 
being observable by an increase in strength, hardness, and reduction in 
general workability, but with no lowering of elongation values. In the case 
of certain alloys, such as the aluminum-copper-magnesium-manganese type, 
previously mentioned, this precipitation and self-hardening occur spontane- 
ously at ordinary temperatures, very rapidly over the first few hours after 
quenching and gradually diminishing in intensity, substantially completing 
itself in about three or four days. The rate of this action may be retarded 
or completely postponed by placing the freshly quenched material in cold 
storage. Alloy 17S (Item No. 6, Table 7), when freshly quenched and placed 
in storage at 0°C, shows no precipitation after several days. Upon removing 
the material from cold storage and permitting it to warm again to ordinary 
temperatures, precipitation commences and continues in a normal manner. 
Advantage is taken of this delay in precipitation when it is desired to heat 
treat and quench a relatively large quantity of material at one time and 
maintain it in a soft and more workable condition for some days prior to 
forming the entire amount. Other compositions require a re-heating for 
several hours at temperatures approximating 300° F to cause this precipita- 
tion to occur to its maximum amount. The first heating and quenching cycle 


is termed “solution heat treatment,” whereas the second type of heating is 
termed “precipitation heat treatment.” 
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The foregoing indicates several principles of particular importance to the 
metal fabricator and the structural engineer. The highest strengths obtain- 
able from these alloys result from heat treatment, although, of course, if 
the metal is subjected later to cold working the strengths may be increased 
still further. The fabricator frequently makes use of the fact that the metal 
is softer and more workable after the solution heat treatment, and before 
aging or precipitation has progressed to any substantial extent, by forming 
promptly after quenching. In certain more difficult cases, the metal may 
be formed in the annealed temper and the shape then heat treated. 

Although each alloy has its most suitable heat treatment temperature, 
substantial solution of the constituent occurs below this optimum temperature 
and, in fact, the solution commences shortly above the annealing tempera- 
tures. Hence, when annealing the heat-treatable alloys, if fully annealed 

properties are desired, it is important to adhere as closely as possible to the 
recommended annealing temperature—namely, 650° F plus or minus 10 
degrees. "The rate of cooling is not important if these temperature limits 
have been observed. However, if these temperatures have been exceeded 
unintentionally, heat-treating effects may be avoided by slow cooling. As an 
extreme illustration, Alloy 17S (Item No. 6, Table 7), fully heat treated 
may be converted to the annealed condition by heating at 800° F for 2 hr and 
then cooling at a rate not exceeding 50° F per hr to less than 500° F. 
Occasionally, it is desired to produce some substantial softening, although 
without necessarily obtaining true annealed properties. In such an event, 
greater liberties may be taken with respect to temperatures and rate of 
cooling. 

As the temperature of aluminum alloys is raised, the malleability and 
plasticity are markedly increased and the strength properties and resistance 
to deformation are decreased™. The metal fabricator may use this principle 
either to permit forming especially heavy sections, with less energy input 
than would be required by cold working, or to permit a severity of deforma- 
tion that could not be accomplished cold without the metal fracturing. Even 
heating to as low as 400° F facilitates forming to a substantial extent. 
Occasionally, the material is heated to its proper heat-treating temperature 
and then, while still hot, pressed into the required shape, the cold dies pro- 

: ducing substantial quenching effects”. 

There is not much difference in the resistance to corrosion between the 
several tempers of any common aluminum alloy. The word, “temper,” in 
aluminum parlance, signifies any of the several metallurgical conditions 
in which wrought aluminum or its alloys is produced. For example, Item 
No. 2, Table 6 (containing 1.25% manganese, with the remainder of 
aluminum plus normal impurities) is produced in several “tempers :” 

The soft temper is produced by annealing the alloy to remove the effects 
of cold working. The harder tempers are produced by strain hardening the 
by F. M. 


* “Properties of Wrought Aluminum Alloys at Blevated Temperatures’, 
Howell and D. A. Paul, Metals and Alloys, October, 1935. 


6% U, S. Patent 1751500. 
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alloy by varying amounts after it has been annealed. The alloy that has 
been cold worked the maximum amount practicable in commercial manu- 
facturing operations, is said to be in the hard temper. By proper selection of 
the amount of strain hardening, the quarter-hard, half-hard, and three-quarter- 
hard tempers are produced, in which the tensile strengths are intermediate 
between those of the soft and the hard tempers in the manner indicated by 
the fractional designations. As these various tempers are merely the result 
of cold work, and as heating merely removes this cold-work effect, heating 
common alloys has no material effect on the resistance to corrosion. The facts 
are different with the heat-treatable alloys. Im the case of Item No. 6, 
Table 6, the temper possessing the greatest resistance to corrosion is the 
heat-treated condition. Heating this material at temperatures much in excess 
of 212° F, for any substantial length of time, impairs its resistance. On the 
other hand, Item No. 13, Table 6, possesses an excellent and like corrosion 
resistance in any temper and, hence, heating any particular temper of this 
alloy produces no effect on its resistance. As a general rule, the heat-treat- 
able alloys are in their most resistant state when they have been subjected to 
solution heat treatment. However, there are exceptions, as noted. Hence, 
when resistance to corrosion is of real importance, and it is intended to heat 
the material, the specific characteristics of the particular alloy should be 
ascertained and procedure governed accordingly. For example, the heat intro- 
duced by torch welding is sufficient, for the most part, to remove the 
heat-treatment effect, and so adversely affect the resistance to corrosion of a 
small area on either side of the weld in Item No. 6, Table 6 (heat-treated 
temper). On the other hand, in the case of Item No. 13, Table 6, no such 
harm results. The detailed facts are well known and are available either 
in present publications or from the producer of the alloy. 

Whether or not the alloy may have been heated previously, has no effect 
upon its inherent weldability. However, in certain cases, a previous thermal 
treatment might increase the quantity of the oxide film on the surface of 
the metal and this, in turn, may affect the ease of welding. Upon heating 
Item No. 6, Table 6, to rather elevated temperatures, an oxide film is 
formed that interferes quite markedly with spot welding. For this reason, 
in order to spot weld or seam weld Item No. 6 (the heat-treated temper) the 
surface along the line of welding should be cleaned with emery cloth to 
remove this heavy oxide film. This is not necessary in the case of all 
compositions. This, again, is a matter of specific information which, how- 
ever, is available. 

Heating may affect certain other physical properties. When heating 
merely removes strain hardening, the effect upon electrical and thermal con- 
ductivity is just the reverse of introducing cold work, as previously mentioned. 
In the case of those alloys in which heating changes the degree of solution of 
certain constituents, the general rule is that, as the quantity of constituent 
put into solution increases, the electrical and thermal conductivity decreases. 
This is illustrated in Table 6. Heating and cooling have no appreciable 
effect on specific gravity. 


f 
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AvaILaBLE Forms anp Speciric PRopERrTIES oF Structura, Atuminum ALLoys 


Wrought Products—Table 7 shows the nominal composition and the 
mechanical properties of those wrought alloys of interest in structural fields. 


TABLE 7—NominaL Composition and Typican Properties or 
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e6—6—0Ma—6—60—0N—9—S$—@=$—$@O9@$m$SM9M0D 


J Unit Srrussms, In| g 
3 ALLOYING ELHM@NTs (PERCENTAGHS) | Kips ppR Sanane bal 
S Inca 8 3 
3 #12 
2 o a 5-4 Oe} 
cag Alloy Description 8 i] i) 4 3 § Ee i 
5 1/8 |g selk]e1Ele]2e] 3 
FI A aja] 2 asl @)selera| &|4 
“= i] a a o | 2 o wo 3 3 
BPE) 2/812 (2) 22 els|sl2lelz 
oa = re le —"o ic] ra) 
q (Sola/slslé6|2|s 8 (élelalg 5 Ey 
(1) (2) (3) | (4) 1 (5) | (6) ! (7) | (8) 1 (9) [(10)] (11) | (12) | (13) | (14) |(15) | (16) | (17) 
(a)-Common ALLoYs 
Annealed.......... 13 | 4 | 9.5] 5.0 
1 28 {Hat hard. yi craic | CORO ek ee] |Soeedleicd escalate ec aol ean ate 17 | 14 |11.0] 7.0 9 3 
Hard rolled........ 24 | 21 113.0] 8.5} 5 | 44 
Annealed.......... 16] 5 j11.0) 7.0) 30 | 28 
2 38 {Hal hard®. .......5. | OSE TOUT bs] dete cP Ls SO ctomallinee tetera ate [Sane 21 | 18 |/14.0) 9.0) 8 | 40 
Hard rolled........ 29 | 25 /16.0/10.0) 4 | 55 
Annealed.......... 26 | 10 |16.0/14.0) 20 | 45 
3 48 |4 Half hard®......... ist soa) hare B25 PLEO) cece leeryatseetal acts 35 | 31 |19.0]15.0} 5 | 65 
Hard rolled........ 42 | 38 |23.0]16.0} 3 | 80 
Annealed.......... 29 | 14 |18.0/17.0} 25 | 45 
4]| 528 |; Half hard®........ O72 25: eres sitltorere|lts tore 2 BIOL 2650. caceretiaee 37 | 29 |21.0/19.0) 10 | 67 
€ Hard rolled........ | 41 | 36 |24.0|20.51 7 | 85 
(6) Heat-TRHATABLE ALLOYS 
5 148 | Heattreated........ 93.70 4.4]0.80/0.75/0.35]....]....]....[.... 68 | 53 | 48 115.0) 12*|130 
6 1758 Annealed.......... 26 | 10 | 18 {11.0} 20 | 45 
Conner meets } 95.00 | 4.0]....]0.50|0.50}....]....]....].... Foe ee leading 
71|A178]| Heat treated?........ 97.20 | 2.5]....].... OBO ree| ee eral a tus [avalels 43 | 24 | 25 |13.5] 24 | 70 
248 Annealed. ......... 26 | 10 | 18 |14.0) 20 | 42 
8 (ite erated ccs } | 99.80 | 4.2)....]o.5011.50)....}....]....J..-. 65 | 43 | 40 |14.5| 20 |105 
9{| 258 | Heat treatede........ 93.90 | 4.5/0.80]0.80)....]....]....]....]..-- 58 | 365 | 35 {15.0} 18*/100 
10 | 27S | Heat treated......... 93.90 | 4.5/0.80/0.80]....]....]...-]...- 4} 60 | 50 | 37 {18.0} 9 |115 
Annealed.......... 16{ 6] 11 | 6.5} 30 | 28 
PTA eG Leal 4: ce Wits aif go\eles o.0 ees QSr40 ee cth OO 010 OO ere 3: ifie otf acamttll's ors. « 35 | 20 | 21 |10.5| 24 | 64 
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Annealed.........- 16] 7 | 11] 7.5) 25 | 26 
13.| 535 | Ww Reiter aril: stitewia 97.80 |....|0.70]....}1.25/0.25]....]....]..-. 33 | 20 | 22 {10.0} 22 | 65 
Heat treated....... 38 | 32 | 26 }11.0} 14 | 80 
14 | Ni¢A | Heat treated......... 97.50 | 0.5)....].... 0.50]....1 1.0]....]0.50] 47 | 40 |....|13.5) 9 
15 | NifX | Heat treated? ........ 95575 Ne Ls Ol sreratal leteroee 0.75|....] 1.0] 1.0]0.50] 51 | 41 ]..../13.5) 16 ].... 


eis eee or ee oe ee Se SE 
eee 2 
¢ See corresponding Item Numbers in Table 6. ° Cold worked after its last annealing 
sufficient to raise the ultimate tensile strength to a point half way between the annealed 
and the full hard tempers. °Forgings only. ¢Hxtruded shapes. *Minimum allowable. 
?Traces. 9 Equal proportions of manganese, chromium, and molybdenum, *BHxcept as 
noted these values are for ys-in. sheets. ‘ These values are for 0.505-in. round bars. 


i Known commercially as Nicral. 
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In some cases these compositions and heat treatments are protected by 
patents. Column (3), Table 7, indicates that the remaining material, other 
than the alloying elements, is aluminum plus normal impurities, such as iron 
and silicon. For the specimens listed, Young’s modulus of elasticity is 
approximately 10300 kips per sq in. Column (13), Table 7, contains the 
yield-strength stress that produces a permanent set of 0.2% of the initia] 
gage length”. 

Referring to Column (16), Table 7, it is to be noted that the elongation 
will vary somewhat with the form and size of the specimen. The Brinell 
hardness test (Column (17), Table 7) involved a 500-kg load, exerted on a 
10-mm ball. The values in Column (14) are single shear values, computed 
from double shear tests. The endurance limit (Column (15), Table 7) is 
based on a 500000 000-cycle of complete reversed stress, using a standard 
form of machine and specimen”. 

There are well developed and standardized procedures for determining the 
mechanical properties and other characteristics of metals and there are well 
defined and accepted units of measurement by which these properties may 
be expressed™. On the other hand, in the case of resistance to corrosion, 
no such unit of measurement exists. This quality is evaluated by various 
empirical tests co-ordinated with actual field performance™. These observa- 
tions merely indicate how one metal, or an alloy of a metal, behaves under 
certain corrosive conditions on a relative basis with another. Thus, the 
resistance to corrosion of a certain grade of aluminum cannot be given 
a rating of D, whereas another grade of another metal would be assigned a 
rating of E (in which the letters are supposed to possess definite numerical 
value). One can only state that the first is “somewhat superior” or “very 
much superior” or “inferior” to the other. After due experience of course, 
one can state, correctly, that Metal A will perform satisfactorily in a certain 
service, whereas Metal B will not. An attempt to list the relative resistance 
of the various products in tabular form would be misleading, as any correct 
rating should take into consideration the various forms in which the alloys 
are available and the service conditions applicable in any case. Although the 
resistance to corrosion of Item No. 9, Table 7, heat-treated, is not as great 
as that of Item No. 8, similarly treated, the former is utilized primarily as 
forgings, relatively thick in section, whereas the latter, which is not available 
as forgings, is normally used in thin sections, and usually under far more 
severely corrosive conditions. The resistance to corrosion of forgings made 
. of Item No. 9, has proved quite adequate in the fields where they are adopted. 
The matter, therefore, can best be treated by discussion rather than by any 
table. ; 

In general, it can be stated that aluminum alloys belong to the class which 
may properly be described as metals resistant to corrosion. Items Nos. 12,28 

os a cals Le 


eee eee 
“ Specification H8-33, Am. Soc. for Testing Materials. 


“Notes on Fatigue Tests on Rotating-Beam Testing M i ee ' 
Research Committee on Fatigue of Metals, Proceedings, &: sr ae j oe mers ea ee 


- Vol. 35, Pt. 1, 1935 
* “Standard Methods for Tension Test ials” : iH 
Materials (E8-33). esting of Metallic Materials’, Am, Soc. for Testing 


» “Corrosion Resistance of Structural Alumi ie i 
Am. Soc. for Testing Materials, Vol. 33, Pt, 111933,’ °>) © H+ Dix, Iv, Proceedings, 
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and 18, Tables 6 and 7; and Item No. 3, Table 7, in all tempers, possess - 
superior resistance. In fact, except under the most severe service, such 
as the marine, they usually need not be painted for protection. Referring 
to Table 7, Items Nos. 5, 6, 7, 8, 10, and 14 (heat treated) and Item No. 11 
(in all tempers), are next in order and substantially equal. Normally, they 
should be painted, although, in relatively heavy sections, such as Wahid 
generally be used with forgings of Item No. 5 (heat treated), this .might 
not be necessary. Next, would come Item No. 15, Item No. 9 (heat treated), 
and Items Nos. 6 and 8 (annealed). The most satisfactory way for the 
prospective user to take care of this subject is to consult with the manu- 
facturer who is to supply the material. 

Aluminum alloys are available in the form of sheets, plates, wire, rods 
and bars, rolled and extruded shapes, tubing, rivets, and forgings, although 
not all the compositions listed in Table 7 are available in all these forms. 
Table 8 shows those forms that to-day are classed as “standard”; that is, 


TABLE 8.—Sranparp Commopitirs WroucHtr ALLoYs 
(Commodities marked with asterisk are standard). 
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1 eRe 528 * * * * Ost - ae 
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are regularly produced in routine commercial production. Exceptions are 
made when warranted; for instance, although Item No. 6 (heat treated), is 
the only composition regularly carried in stock in the form of rolled shapes, 
Item No. 10 (heat treated), has been produced in rolled shapes when the 
quantities required, have justified it. 

Plates are being produced as heavy as 2000 1b. Although there are limita- 
tions as to sizes of certain alloys and tempers, they are available in widths 
of as much as 120 in. and lengths as determined by the 2000-Ib weight. Heat- 
treated rolled shapes in various sections and sizes up to 12-in. channels are 
produced in lengths as great as 85 ft. Heat-treated extruded shapes are avail- 
able in lengths of about 50 ft. 
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Item No. 6, Table 8, (17S) is available in all the various forms, and 
because it presents an unusually favorable combination of properties, it 
has ranked as the most generally useful of the strong alloys. 

The particular merits of Item No. 10 (heat treated) (278-T) are its 
relatively high yield strength and the fact that, as this temper is produced by 
aging for some hours at approximately 300° F, neither the mechanical prop- 
erties nor the corrosion resistance is impaired should the material be re-heated 
to this temperature, or even to slightly higher temperatures. This behavior 
is of significance because it permits the use of hot-driven steel rivets in 
joining heat-treated members composed of this alloy, without fear that the 
heat, thus introduced, will adversely affect the properties of the aluminum 
parts. The most noteworthy applications of Item No. 10 (heat treated) to 
date, comprise the rehabilitation of the floor of the Smithfield Street Bridge”, 
Pittsburgh, Pa.; the floor of the Stratford Avenue Bridge, Bridgeport, Conn. ; 
the side walk and railing of the Covington-Cincinnati Suspension Bridge”, 
across the Ohio River; and the railings on the Laredo Bridge, in Texas. A 
thorough study has been made, contemplating the use of aluminum for the 
trusses and floor of the famous Brooklyn (N. Y.) Suspension Bridge”. 

The corrosion resistance of Item No. 13, Table 8, (53S) which is of a 
high order, is substantially the same in all tempers. It is for this reason 
that this alloy has found wide use in the construction of sewage disposal 
plants, in the form of extruded sections in the architectural industry for 
the fabrication of windows and frames, doors, building fronts, and various 
ornamental constructions. Increasingly, such items have been treated by a 
patented process, which applies a hard, weather-resistant, and corrosion-resist- 
ant coating and one that facilitates cleaning. 


Cast Products.——Table 9 gives the composition of castings that are of 
widest interest to the structural engineer and shows their typical mechanical 
properties. 

As will be noted, the heat-treated, aluminum-copper (Item No. 23, Table 
9) and aluminum magnesium (Item No. 24), alloys are the strongest. Item 
No. 23, Table 9, has been used rather extensively since about 1920, whereas 
the alloy (Item No. 24) is a more recent development and still requires special 
handling in the foundry. The latter represents the highest combination of 
strength and shock resistance yet attained in aluminum castings and is 
especially desirable for large sections. It has given good service performance 
as parts of large shovel dippers. Fig. 27 shows the back of a 7-cu yd dipper, 
6.83 ft long, 4.90 ft wide, and 3.0 ft deep, weighing 2326 lb. Fig. 28 shows 
one hinge for a 32-cu yd dipper, 12.58 ft long, 5.25 ft wide, and 1.50 ft deep, 
weighing 2242 lb. These castings are of Alloy 220 (Item No. 24, Table 9). 


“Erecting an Aluminum Bridge Floor’. by 
vecree eheR eB Peps at 28 eee C. E., Engineering News-Record, November 23, 
33; an ura i! CanG: 
Engineering News-Record, December 28, 1933." A ae es a Ane = 
“The Use of Structural Aluminum in Bridges’’, by 0 
Bulletin, Associated State Eng. Societies, April, 1935. ya ee 
qe 1 . ” * . 7 
Be ie eo Trusses and Floor for Brooklyn Bridge’, Hugineering News-Record, 
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TABLE 9.—Composirion anp MecHanicaL Prorertizs or ALUMINUM 
Casting ALLoys* 


- ALLoyING ELEMENTS Unit Strresszs, 1x Kips g 2 
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22 | 195 | Heat treated...) 96.0 SEN Ge SM, atc Allens aes fone 31 16. | 28.0] 6.0 8.0 | 65 
23 | 195t| Heat treated...| 96.0 Ca Cle Wetec 5 Pasa ate ed |i eee pace 36 22 1 30.0). 6.5 4.0] 80 
24a) .220) |) Heat treated... | 90/00 |... 02h seo 10.00 |i 2... 44 26 33.5 7.5 13.0 75 
25 | 355 | Heat treated...| 93.25 | 1.25 .... 5.0 O50) Gare 30 20 SOLON tee 4.0 60 
26 | 355t| Heat treated...| 93.25 | 1.25 5.0 0.50 35 27 CRON Scena 2.0 80 
27 | 356 | Heat treatment} 92.70 | .. 7.0 0.30 28 16 29':0 i av repete 6.0 55 
28 | 356t| Heat treatment} 92.70 | .. 7.0} 0.30 32 22) 22:0 i 8.0 4.0 | 70 


* In the case of some of these alloys, the composition or heat treatment, or both composition and heat treatment are 
patented. 

+ Plus normal impurities, such as iron and silicon. 

t Different type of heat treatment. 


This should be considered a special alloy for unusually severe service. The alloy 
(Item No. 20) is used where service conditions require the maxim resistance to 
corrosive attack. It is more difficult to cast into intricate, leak-proof castings 
than the aluminum-silicon alloys, but has higher mechanical properties than 


¥ic. 27.—Oneb HinGp Fic. 28.—Back ror 7-Cuspic YArp DIPPER. 


FoR 82-CuBIC YARD 
DIPPER. 
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the alloy listed as Item No. 16, in Table 9, and is distinctly more resistant 
to corrosion. For this reason, it is utilized in the production of castings for 
use in sewage disposal plants, and for marine applications. The alloy (Item 
No. 21) is in a somewhat similar category, with equal resistance to corrosion, 
higher tensile and yield strengths, but with somewhat lower elongation. 

The founding of aluminum alloys differs in many respects from that 
pertaining to other metals; in fact, each metal possesses its own foundry 
characteristics. It is important, therefore, when considering the detail design 
of any particular casting, and especially the pattern, to consult with the 
foundryman in order to permit of certain small modifications in design that 
might enable simplification of foundry problems, with consequent reduction 
in cost, that will insure the highest and greatest uniformity of properties. 

The size and complexity of castings that can be produced varies so much 
with the particular instance that no general specifications can be given. 


Meratuurcican Aspects or Fasricating StructuraL ALUMINUM ALLOYS 


Aluminum alloys are almost always cut by mechanical means, such as 
shearing, sawing, or machining. Torch cutting is seldom recommended 
because of the high heat conductivity which makes this method impractical. 
Furthermore, the heat introduced would have adverse effects in certain 
instances, as previously discussed. 

Aluminum alloys are formed by all the common methods, although they are . 
usually done cold. They are occasionally formed hot for heavy sections and 
for forging, although consideration should be given as to whether the degree 
of heating has adversely affected strength or resistance to corrosion, and 
whether the shaped part should be re-heat treated. 

Joints are fabricated by torch, electric spot, seam, arc, and butt welding, 
and by riveting and bolting. The choice of method depends upon the results 
desired and as influenced by the effect of heat upon the particular alloy or 
temper being used. 

When using rivets larger than 3 in. in diameter, the present usual practice 
is to use hot steel rivets. Due to the high heat conductivity of aluminum, 
the heat thus introduced is rapidly dissipated with small chance of harmful 
results, especially when the rivets are driven in a scattered manner. In sizes 
smaller than 2? in., rivets are driven cold and, in the case of Alloy 17S (Item 
No. 6, Table 7), promptly after quenching before age hardening has pro- 
gressed to any extent. Use is also made of the fact that this aging is arrested 
by placing the freshly quenched rivets in cold storage as previously mentioned. 
This process avoids the necessity of co-ordinating the heat treating and driving 
operations. 

Torch welding requires the use of a flux, which should be removed later 
by a thorough washing to prevent a chemical attack of the metal. 

Because of the high thermal and electrical conductivity of aluminum, 
the ordinary electric welder is not suitable. Suitable spot and seam-welding 
equipment has been developed, which can be relied upon, consistently, to repro- 
duce spots, or a seam, of high quality. Although the quantity of heat 
introduced by the electric method is substantially less than that arising in 


. 
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torch welding, the effect of such heat should be considered. Arc welding 
is also being developed rapidly and is beginning to find commercial applica- 
tion. In this case, also, the amount of heating is substantially less than with 
torch welding, and harmful or annoying effects upon resistance to corrosion, 
or distortion, are greatly minimized. In general, torch welds of common alloys 
should be designed on the basis of the annealed temper. Although the heating 
does not fully anneal the heat-treated materials, there will be some 
softening and some over-aging in a small area on either side of the weld, 
thus reducing the strength and usually the resistance to corrosion. 
This effect can be corrected partly by a re-heat treatment. Usually, 
therefore, the strong alloys are not torch welded. The heating effects by the 
electric method are sufficiently less than by other methods so that it is coming 
into increasing use, especially in lighter work. 


PART Il— MAGNESIUM 
Historica 


Although magnesium was isolated as an element as early as 1830, produc- 
tion of the metal on a commercial scale was not attempted until 1900 so that 
it can be truly called a product of the Twentieth Century. Historically, it 
was first produced about 1808 as a mercury amalgam by Sir Humphrey Davy 
who reduced the heated oxide with potassium vapor. In 1830, Bussy, the French 
chemist, obtained a fairly, pure product by reducing magnesium chloride with 
potassium. In 1856, Deville and Caron used sodium for the reduction of the 
chloride followed by distillation in hydrogen, but the resulting metal was 
impure because of the presence of sodium and air reaction products. In 1863, 
Sonstadt developed a process in England based on the reduction of the anhy- 
drous chloride by sodium, and a company was organized for small quantity 
production. 

Commercial success was slow and the industry was of little importance 
until the electrolytic process was developed in Germany in the early part 
of the century. The development of fabricated products, such as sheets, cast- 
ings, extrusions, and rods was undertaken and added considerably to the uses 
for the metal. The metal and its alloys were made and marketed under the 
name, Elektron, and, to-day, in England and on the Continent, this trade-mark 
is synonymous for magnesium alloys. Interest in the production of mag- 
nesium in the United States came in 1915 when the World War prevented 
importation from abroad. 


GeEnERAL METALLURGICAL PriNcipLes oF STRUCTURAL Macenesium ALLoys 


- Effect of Composition.—At present, most of the magnesium base alloys 
used in the United States, for structural purposes, are either ternary magne- 
sium-aluminum-manganese or quaternary magnesium-aluminum-zinc-man- 
ganese alloys. The principal exception is the binary magnesium-manganese 
alloy which is used, preferably in the wrought condition, in applications where 
resistance to corrosion and ease of forming and welding are the chief 
requirements. 
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All the magnesium alloys now used for engineering purposes contain man- 
ganese. The binary magnesium-manganese alloys, usually containing 1.2 to 
2.0% manganese, possess the greatest resistance to atmospheric and salt-water 
corrosion of any of the known magnesium base alloys, and manganese is added 
to the alloys containing aluminum, or aluminum and zine, to enhance their 
resistance to corrosion. The manganese content of these alloys is rather 
definitely limited by the quantity of aluminum present and the possible varia- 
tions are without influence on the more commonly determined physical prop- 
erties. There is some evidence, however, that the addition of manganese to a 
wrought binary magnesium-aluminum alloy causes a marked increase in the 
proportional limit. 

At present, aluminum is the most important element added to magnesium 
to produce structurally useful alloys. Alloys in commercial use in the United 
States contain aluminum in quantities varying from 3 to 13 per cent. Addi- 
tions of aluminum in this range cause a marked increase in mechanical 
properties in both the cast and the wrought conditions. 

Increasing the aluminum content of magnesium alloys causes changes in 
density, thermal conductivity, and electrical resistivity; but, in quantities 
up to 12% at least, the coefficient of thermal expansion is not greatly affected. 
The mean coefficient of expansion, a, for magnesium alloys from 0°C to any 
temperature, ¢, may be obtained from the following equation™: 


a ="(25.07 + 0.00936 1) 10™. cor. on acide ees 


The changes in density, thermal conductivity, electrical resistivity, tensile 
properties, and hardness brought about by the addition of increasing amounts 
of aluminum to magnesium are shown in Figs. 29 to 32, inclusive. In the 
sand-cast alloys, still other combinations of properties than those shown in 
the graphs may be obtained by ag- 
ing heat-treated alloys containing 
more than about 8% aluminum. 

_ The shear strength and the com- 
pressive strength of magnesium- 
aluminum alloys tend to increase 
with the aluminum content in both 
the cast and the wrought conditions 
although this relation is more regu- 
lar in the case of the wrought alloys. 
The shear strength of extruded pure 
magnesium is 16 kips per sq in. 
Additions of aluminum increase 
this value to a maximum of about 
26 kips per sq in. in alloys contain- 
ing 12% aluminum. 

Additions of aluminum and zine 


(c) ELECTRICAL 
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alloys at least up to the point where the combined content of alloying elements 
amounts to 10 or 11%; beyond this amount, reliable data on endurance limit 
are lacking. Numerical data as to the endurance limits of magnesium 
alloys are given in Table 10. 
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The form in which these alloys are usually fabricated is as follows: 
Extrusions, Items Nos. 29, 30, 31, 32, and 33; sheets, Items Nos. 29 and 30; 
die castings, Item No. 38; sand and permanent mold castings, Items Nos. 34, 
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Fig. 31.—Sanp Cast ALLOYS. 
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35, and 36; and, sand and semi-permanent mold castings, Item No. 37. 
Yolumn (8), Table 10, gives the total allowable impurities, of which copper 
and nickel may not exceed the amount indicated in the starred footnote. 


which produces a permanent set of 0.2% of the initial gage length”. 
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The yield point stress (see Column (10), Table 10) is defined as that 


In 


Column (11), the shear strengths are single values derived from double shear 
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tests. The Brinell hardness number was based upon a 500-kg load on a 10-mm 
pall; and the endurance limits (Column (12), Table 10) were based on 
500 000 000 cycles of stress. Composition has little influence on the modulus 
of elasticity. An average value suitable for design purposes is 6500 kips 
per sq in. j 

The effect of aluminum concentration on the resistance to corrosion of 
magnesium-aluminum-manganese alloys depends to a considerable extent upon 
the microstructure. If the alloys are homogeneous that is, if all the aluminum 
is in solid solution, the corrosion resistance will decrease with increasing 
aluminum content, but if the alloys are heterogeneous, with considerable undis- 
solved Mg; Al, compound in the grain boundaries, the corrosion resistance “ 
will increase with aluminum content. 

Torch welding of the magnesium-aluminum-manganese alloys becomes 
more difficult as the percentage of aluminum is increased. Alloys containing 
4 to 5% of aluminum are welded without difficulty, but as the aluminum 
concentration is increased to more than 5%, hot shortness and cracking 
become gradually more serious. Torch welding of alloys containing more 


than about 8% aluminum is seldom recommended. 


The alloys of magnesium used for structural purposes in the United States 
at present do not contain more than 3.5% zine, and alloys with as much 
zinc as this are used only for casting. Zinc tends to make the alloys hot-short 
and for this reason the wrought alloys usually contain not more than 1% 
of this element. Like aluminum, zine forms solid solutions with magnesium, 
and variations in zine content are capable of producing changes in the 
mechanical and physical properties of the alloys. 

The addition of zinc to binary alloys of magnesium and aluminum 
eauses them to become more difficult to hot work and makes them less weldable. 
On the other hand, the addition of zine usually improves the corrosion resis- 
tance and is slightly more effective than the equivalent percentage of alumi- 
num in raising the tensile strength, yield strength, and hardness. 

In the case of the magnesium-aluminum-zine-manganese alloy used in the 
form of castings and containing a nominal 6% aluminum and 3% zine, 
the zine enters solid solution only after heat treatment and the changes in 
mechanical properties brought about by the zinc in this alloy are greater than 
can be obtained by adding an equivalent percentage of aluminum. In the 
gand cast condition, the 6% aluminum, 3% zine alloy is stronger, more duc- 
tile, and tougher, and has a higher endurance limit than an alloy containing 
9% aluminum. In the homogeneous heat-treated condition, the difference in 
mechanical properties is not marked, but the resistance to corrosion of the 
zine-bearing alloy is very much superior to the 9% aluminum alloy. When 
these two alloys are artificially aged to enhance the yield strergth and hard- 
ness, the beneficial influence of the zinc is again evidenced by greater strength, 
toughness, ductility, yield strength, and endurance limit combined with better 
resistance to corrosion thar can be produced in the 9% aluminum alloy. 

Although it is possible to weld alloys containing appreciable quantities 
of zine, it becomes more difficult with increasing quantities. When the zine con- 
tent of wrought material is greater than 1%, or when the aluminum +. zinc 
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content is 9% or more, hot-shortness and cracking become so serious that 
welding is not usually recommended. 

Effect of Cold Working—Magnesium and all magnesium alloys work 
harden very rapidly and, in general, the rapidity of work hardening increases 
witk the quantity of alloying material present. Pure magnesium ard the 
binary magnesium-manganese alloy sheets may be cold rolled about 25% before 
failure occurs, but magnesium-aluminum-manganese alloy sheets containing 
4% aluminum harden more rapidly and are seldom cold rolled more than 
15 per cent. Magnesium alloys are so refractory toward cold. deformation 
that practically all wrought forms are produced by hot working and, for the 
same reason, practically all forming and shaping operations on magnesium 
alloy sheets, plates, tubing, or structural shapes are performed at elevated 
temperatures in the range from 225° to 350° C (437° to 662° F). 

In common with other metals, magnesium alloys with sufficient plasticity 
to withstand cold working may be strengthened and hardened by this process. 
The effect on the mechanical properties may be seen by referring to Table 10, 
which gives the properties of sheets in the soft and hard tempers. It has also 
been found that cold working extruded alloys slightly (1%) by stretching 
has a beneficial effect on their properties. The stretching operation increases 
the tensile and yield strengths without reducing the ductility. 

Cold-worked sheets usually have a slightly lower resistance to corrosion 
than annealed sheets of the same composition. 

Effect of Heating and Cooling—A comprehensive discussion of the effect 
of heating and cooling on magnesium alloys is impossible in the limited 
space of this paper. The effect of heating varies with the composition of the 
alloy, its previous history, the temperature to which it is heated, and 
the length of time it is held at high temperature. 

When cold-worked magnesium alloys are heated, they become re-crystallized 
and consequently soft, and they lose tensile strength, yield strength, and 
hardness. This type of heating is termed annealing and a common method 
of annealing cold-worked magnesium is to bring the mass of metal to 650° F 
and allow it to cool in air. Sudden cooling of annealed material does no harm, 
but would serve no useful purpose. Hot-worked magnesium alloys, such as 
extrusions and forgings, usually have the best mechanical properties in the 
“as worked” condition and annealing tends to reduce the tensile and yield 
strengths without increasing the ductility. Wrought material is usually 
formed at temperatures that will anneal the metal and, for this reason, the 
heating to forming temperature should be as rapid as possible and the time at 
temperature should be curtailed. Annealing of magnesium-alloy castings is 
without benefit and, in many instances, will result in lower properties. 

Magnesium alloys are amenable to heat treatments of the same type as 
those used for aluminum alloys as described in Part I; that is, a super- 
saturated solid solution of the alloying element or elements is effected by heat- 
ing to a relatively high temperature followed by rapid cooling. This produces 
a structure that is substantially homogeneous, with certain characteristic 
mechanical properties associated with such a structure. If the maximum 
obtainable yield strength and hardness are desired, the solution heat treat- 
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ment is followed by heating the quenched (homogeneous) material for various 
times at lower temperatures, usually 12 to 20 hr at 300° to 350° F. This 
second heating or “artificial aging” is necessary because magnesium alloys do 


— not age-harden at room temperature to any appreciable extent. The heat- 


treating temperature necessary to make them "homogeneous depends upon the 
alloying constituent. Zine may be put into solid solution at about 630° F, 


whereas 750° to 810° F is frequently used to effect the solution of the aluminum 


constituent. 


As mentioned previously, wrought magnesium alloys generally possess their 
best mechanical properties in the as-worked condition and, for this reason, 
wrought alloys are seldom heat treated. In the case of magnesium alloy cast- 
ings, however, heat treatment produces such a marked improvement in proper- 
ties that the great majority of the castings supplied to the trade in the United 
States are in the heat-treated condition. The effect of heat treatment on the 
mechanical properties of cast magnesium alloys is shown in Table 10. 

Heating and cooling have no effect on the welding characteristics of mag- 
nesium alloys nor on their specific gravity except that heat-treated and quenched 
alloys high in alloy content tend to “grow” very slightly if used at elevated 
temperatures. In common with aluminum alloys in which heating changes 
the degree of solid solution, the general rule is that, as the quantity of con- 
stituent put into solid solution increases, the electrical and thermal conduc- 
tivity decreases. 

The effect of temperatures encountered under service conditions must be 
taken into account when using magnesium alloys for engineering purposes. 
Although sub-normal temperatures as low as — 112° F have little or no effect 
on the mechanical properties, they undergo appreciable change at tempera- 
tures of approximately 300° F and more. Considerable data as to the effect 
of elevated temperatures on the properties of magnesium alloys are available 
and the one who is to supply the material should be consulted before mag- 
nesium is utilized in structures operating at elevated temperatures. 


AyatLaBLe Forms AND Spectric PRopERTIES OF SrructuraL Magnesium ALLOYS 


Wrought magnesium alloys are available as extrusions, sheets, plates, and 
forgings. Bars, rods, and structural shapes are produced by the extrusion 
process beeause of the readiness with which magnesium alloys may be worked 
in this manner. Roiled shapes and sections in high-strength magnesium alloys 
are not available at present. Because of the equipment and ingot sizes avail- 
able, present extruded sections are limited in weight to about 300 Ib and in 
size to sections corresponding to a standard 6-in. channel or I-beam. Rough 
press forgings are limited in weight to about 200 lb, whereas die forgings 
produced by hammering are limited to the forming capacity of an 18 000-Ib 
hammer. Under present conditions obtaining in commercial fabricating 
plants, plates or sheets are limited in weight to about 80 Ib, with a maximum 
width of 60 in. and a maximum length of 240 in. 

Cast magnesium alloys are available as sand castings, permanent mould 
castings, and die castings. There are alloys readily adaptable for fabriction 
by all three methods, and the mechanical properties obtained compare favor- 
ably with aluminum alloy castings used for similar purposes. Particular atten- 


1236 LIGHT-WEIGHT STRUCTURAL ALLOYS Papers 


tion is called to the high endurance limit of magnesium alloy castings as 
compared with most aluminum-base alloy castings. It should be mentioned, 
however, that sharp corners, notches, and other “stress raisers” seriously reduce 
the endurance limit of magnesium alloys, and this fact must be kept in mind 
when using such alloys in stressed structures. 

Magnesium die castings and permanent mould castings are limited in size 
only by the die or mould equipment available. There is no inherent reason 
why magnesium castings of this type cannot be produced in the same sizes as 
die and permanent mould castings in other metals. Magnesium sand castings 
require a more specialized technique and oxidation inhibitors must be used in 
the moulding sand. In the present state of the art, sand castings with sections 
thicker than about 6 in., or which require more than about 1500 Ib of metal 
to pour would be difficult to produce. The composition of magnesium alloys is 
shown in Table 10. 


MeratuurcicaL Aspects or FapricaTion or StructuraL Macnesium ALLoys 


Magnesium alloys may be fabricated into structural units or assemblies by 
machining, cutting, forming, welding, or riveting. The precautions to be 
observed when machining or cutting consist mainly in keeping the tool sharp 
and free from chips to avoid overheating and consequent firing of the chips. 
Cutting must always be done mechanically as the high heat conductivity of 
the metal and the tendency of molten magnesium to burn precludes the suc- 
cessful use of torch-cutting. If it is necessary to use a liquid coolant (mag- 
nesium alloys are usually machined without lubricant or coolant), one should 
be selected that will not tarnish the finished work. Mineral oils are usually 
satisfactory, but rancid animal oils or acidic soluble oils should be avoided. 

Severe cold-forming operations should be avoided as they are likely to cause 
invisible cracks which, later, will cause failure.- Hot forming must be per- 
formed at temperatures below the eutectic temperature for all alloys containing 
aluminum and zine (either or both). The binary magnesium-manganese alloy 
may be heated to 450° C (842° F), if necessary, but usually 260° to 350° C 
(500° to 662° F) is hot enough. The wrought magnesium-aluminum-man- 
ganese or magnesium-aluminum-zinc-manganese alloys may be readily formed 
in the range, 260° to 850° C (500° to 662° F), and the alteration in mechanical 
properties caused by this heating is not important unless the heating is 
prolonged. 

Magnesium alloys not too high in alloy content may be joined by torch 
welding and the various types of electric resistance welding known as spot, 
seam, and butt welding. At or near the weld, the structure of wrought 
materials reverts to that of a casting with consequent lowering of properties. 
This condition can be greatly improved by hammering the finished weld at 
temperatures in the range, 290° to 370° © (550° to 700° F), and with certain 
types of mechanically operated electric butt welders, a cast structure at or 
near the weld is avoided for the most part. In order to prevent corrosion, 
welding flux must be thoroughly removed from torch welds, and seam or 
spot welds should be freed from copper particles picked up from electrode tips. 

; Because of the danger of electrolytic corrosion (magnesium is electro-posi- 
tive to all common structural metals), rivets for magnesium alloy structures 
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must be selected with care and, where possible, should be insulated with 
bitumastic paint. Magnesium alloy rivets cannot be used successfully because 
they would have a low shear strength and because even small sizes would have 
to be driven hot. Rivets of steel, copper, nickel, and copper-bearing aluminum 
alloys should be avoided. For joints not subject to high stresses, rivets of 
commercially pure aluminum (Item No. 1, Table 6) may be used, but for 
highly stressed parts, rivets of an aluminum base alloy containing 4 to 5% 
magnesium are recommended. As a further precaution against electrolytic 
attack, the contacting surfaces of riveted magnesium alloy sheets or extruded 
shapes should be painted before assembly. A synthetic resin varnish pigmented 
with Zn Cr O, is recommended for this purpose. 

When it is necessary to rivet magnesium alloy parts to other metals, elec- 
trolytic insulation must be provided. To prevent the possibility of cracks or 
notches that later will produce fatigue failures, rivet holes should be drilled 
instead of punched, the rivet size carefully selected to avoid overstressing the 
rivet hole during driving, and marring of the magnesium alloy part with rivet- 
ing hammer should be avoided. 


ConcLusION 


The past fifteen years have witnessed the recognition of aluminum as an 
engineering material in an ever-widening field of applications. This is due 
primarily to the relatively light weight of aluminum compared to that of 
other common metals. However, advantage could not be taken of this charac- 
teristic until alloys of high strength were developed. Especially in recent 
years, marked progress has been made in this direction. This has been 
particularly true in those fields, such as construction and transportation, in 
which the cost of moving the structure is a major item of operating expense. 
Although aluminum is a relatively new engineering material, the fund of 
information that has been developed regarding its properties and behavior, 
and the great variety of forms and sizes in which it has become available 
commercially, places it on an equal rank, in these respects, with the far 
older metals. 

This paper indicates broadly the type and scope of the facts and materials 
now available. 

Part II of this paper entitled, “Magnesium”, shows that although that 
metal has not yet progressed as far as aluminum, it is following a somewhat 
similar path. As is the case with aluminum, s0, also, the outstanding impor- 
tant characteristic of magnesium is its relative lightness. Marked jmprove- 
ment has been made in the properties of its alloys. Methods of fabrication 
have been developed so that, to-day, magnesium alloys are available in a great 
variety of cast and wrought products of known characteristics. 
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CORROSION IN RELATION TO 
ENGINEERING STRUCTURES 


By JAMES ASTON’, Esq. 


SYNOPSIS 


The corrosion problem may be considered from two angles, each encom- 
passing quite an extensive field, and worthy in itself of the space normally 
allotted to a technical paper. The one phase, dealing with the fundamental 
mechanism of corrosion, is necessarily theoretical, and of secondary interest 
to the practising engineer. The other phase, pertaining to the relative utility 
of metals in engineering structures, is undoubtedly of major interest to a 
gathering of civil engineers. This latter subdivision is quite complex, involy- 
ing factors of experience, of economics, of conjecture, of controversy, and of 
personal opinion. 

It is the intention of the writer to take the middle ground, in the belief 
that some knowledge of the fundamental mechanism of corrosion is a valu- 
able background for a more adequate balancing of the many variables which 
are presented by the multiplicity of service conditions, and to interlink this 
‘discussion of the fundamentals with an appraisal of materials and protective 
measures which have a bearing upon prolonging the life of structures by 
combating the ravages of corrosion. 

The seriousness of corrosion loss may only be guessed at on the dollar 
basis. One finds estimates running into hundreds of millions of dollars and 
even into the billions, as the annual toll. The resulting tax is enormous, 
and the tangible depreciation of the cost of abandoning structures is exceeded 
in a monetary sense by the more intangible effects of designing structures 
heavier than the requirements of working stresses, substituting more costly 
metals for others that would meet design conditions on a more economical 
basis, modifying design and fabrication, and applying paints and other pro- 
tective coatings—all occasioned by the allowances necessary to offset or to 


minimize the effects of corrosion. 


MECHANISM OF CORROSION 


The electro-chemical theory is most generally accepted in explaining the 
“mechanism of corrosion. Aside from the metal involved, the essential factors 
are moisture and oxygen. Water serves as the medium of electro-chemical 
reaction; it must be in contact with the metal, and its activity will be accen- 
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tuated or decreased by salts or gases in solution, temperature, ete., somewhat 
in proportion to their effect in increasing or decreasing the electrical conduc- 
tivity of the liquid. Oxygen, dissolved in the water, plays a dual role: (1) It 
serves to oxidize the products of reaction to the familiar form (in the case of 
iron) of rust; and (2) it is a depolarizer, neutralizing the effect of hydrogen 
formed as a product of the customary reactions, thus enabling a continuity of 
electro-chemical activity which otherwise would be suppressed. 

In the past, for iron in particular, undue emphasis was placed upon 
impurity or heterogeneity as an all-important factor in the inception and 
progression of corrosion. More recently, however, extraneous factors affect- 
ing the surface characteristics of the metal, and influencing the contact rela- 
tionships with it of moisture and oxygen, have been recognized as playing an 
important réle, at times, even to the extent that they overshadow certain of 
the internal characteristics of the metal. Rust may now be claimed to play 
a part in the progression of corrosion fully comparable to the other factors 
which formed the early basis of the electro-chemical theory. This later con- 
ception has served to amplify the theory, and to explain certain occurrences 
more rationally, notably pitting, which, at one time, were only vaguely 
understood. 

All corrosion phenomena and effects revolve around the three essential 
factors: (a) The metal or metals concerned; (b) the moisture; and (c) the 
oxygen. The absence of any one of the factors will generally suppress 
the activity in its entirety, except in some special cases where a minor rate 
of progression may be observed. The rate, and more particularly the type, of 
corrosion resulting, will be markedly influenced by the relative balance in 
Factors (a), (b), and (c). Consequently, environment plays an important 
role in the problem of corrosion as related to structures. 


TYPES or SERVICE 


Corrosion has most commonly been divided into three fields: Atmospheric, 
immersion, and soil. The metal may be considered common to all classes, 
the differentiation being primarily linked with the relationships between 
moisture and oxygen in the three types. Under atmospheric conditions there 
is a superabundance of oxygen. Moisture is the governing factor, with 


respect to its quantity, kind, and intermittent occurrence. Heavy precipita- — 


tion naturally tends to increase corrosion. Contaminating gases of industrial 
atmospheres or the salt sprays of seaside conditions are aggravating influ- 
ences. Of major significance is the interval between precipitations, and the 
opportunity thus affiorded for the corrosion products to dry. Conditions 
favoring precipitation followed by relatively rapid drying will tend to spread 
the rust, rather than to concentrate the corrosion in pronounced pitting. 
Atmospheric corrosion is characterized by small, shallow pitting quite closely 
and uniformly distributed over the affected area. The result is a fairly uni- 
form attack of the surface. AES 
Immersion conditions represent an abundance of moisture and a varying, 
often deficient, supply of oxygen. The latter is a governing factor. True 


a 
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immersion conditions may be defined as those in which the metal surface is 
wetted continually with little or no drying of the corrosion products. The 
nature of the water may aggravate or retard the corrosion. Most salts in 

solution in moderate quantities accelerate the effect; but under certain condi- 
tions there may be film precipitations on the surface of the metal which are 
markedly beneficial. Temperature is an important factor, with the result 
that, other conditions being equal, the most aggravated effects are experi- 
enced under the conditions prevailing in hot-water supply systems, in boiler- 
feed waters, and in steam-condensate returns. It is important to bear in 
mind that the degree of corrosion is not in proportion to the purity of the 
water. Relatively pure, oxygenated waters are more to be reckoned with than 
contaminated waters which are foul with organic matter. The blanket state- 
ment may be made that immersion service presents the most variable and 
complex conditions in the entire corrosion problem. Its results are mani- 
fested as a rule in scattered pitting of a relatively large and deep character, 
with much of the surface showing little or no corrosion. The result will 
depend in a secondary manner upon the water characteristics and oxygen 
supply, with the primary influence quite largely dependent upon how continu- 
ously the metal surface was kept wet. 

Soil corrosion may be considered as occupying a position intermediate 
between atmospheric and immersion service. It offers a great variety of con- 
ditions, such as those in which leachy salts affect the composition of 
the water, and those in which moisture is retained or drained from the metal 
surface. Inherently, the soil may be considered as a sponge, acting in a 
secondary capacity in relation to the nature, amount, and frequency of the 
moisture supply and its accompanying oxygen. The degree, and particularly 
the type, of corrosion will vary with the foregoing combination of influ- 
ences. The corrosion may be similar to the uniform type characteristic of 
atmospheric conditions; it often shows the aggravated pitting typical 
of immersion service; and, not infrequently, it will display peculiarities which 
are akin to those present in the case of acid waters. 


Factors INvotvep In ALLEVIATION 


With the foregoing exposition of fundamentals and mechanism as a back- 
ground, it will be valuable to consider what may be done toward remedial 
measures which will be effective against the deterioration of engineering 
structures. Obviously, attention may be focused upon the metals involved, 
or upon the environment—that is, upon the prevailing moisture and atmos- 
pheric conditions. 

With respect to environment, artificial measures are limited to special 
cases. In underground structures, better soil may be substituted in the con- 
tact zone and, particularly, benefit will result from proper attention to drain- 
age and the elimination of moisture retentivity in this contact zone. Where 
liquid conveyance is a condition, as in pipe lines, benefit may result from an 
adjustment of water characteristics. A notable example is that of Coolgardie, 
Australia, where internal corrosion was reduced markedly in a large pipe 
line by reducing the dissolved oxygen content of the water by evacuation. 
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In numerous instances, moderate applications of lime have proved effective. 
On the other hand, certain water treatments, which have for their objective 
the extreme softening of water for domestic and similar uses, have been 
harmful from the corrosion viewpoint because they removed from the water 
the natural film protection which results from the raw water. Hardening 
treatment for extremely soft waters, elimination of bicarbonate content, neu- 
tralization of acidity, and the introduction of film-forming constituents, such 
as sodium silicate, have improved the water characteristics in the limited 
fields where such applications are practicable. De-aeration may be, and 
is being, resorted to in boiler-feed waters, in hot-water supplies, and in hot- 
water heating systems. In general, the efforts are confined to above normal 
temperature conditions, under which the corrosion is most aggravated and 
which enable the remedy to be applied most effectively. 

Unfortunately, in dealing with structures of direct concern to the Struc- 
tural Division of the Society, artificial alteration of the environment is 
limited to a narrow range of special cases. From a practical standpoint, one 
must cope with the natural surroundings as they exist, and must make allow- 
ances in design for such deterioration as may be indicated by experience for 
the particular environment prevailing. In some cases it may be logical to 
minimize deterioration by selecting suitable material and by protective metal 
surfaces. In general the battle with corrosion must be fought through the 
structure itself, rather than through its environment. 

A most important phase of the problem is the selection of the metal. 
From the standpoint of the designing engineer, this must be primarily 
because of its fitness as a load-sustaining material, and, in most instances, 
corrosion, although it cannot be ignored, becomes a secondary feature. 

In discussing the fitness of metals from the viewpoint of corrosion, one 
enters the most difficult field. Situations vary, metals vary, and there is no 
blanket rule by which any metal may be claimed to be best adapted to all 
conditions. This phase of the discussion is difficult, also, because it assumes 
a severely controversial and competitive aspect, in which personal experience 
and bias, and commercial associations will necessarily be provocative of 
argument. It will be the purpose of the writer to present a summary of opin- 
ion and of the status of various metals that are of interest to the structural 
engineer. 


. 


THe Merats or INTEREST 


For purposes of discussion the metals of interest may be grouped into 
the non-ferrous and ferrous divisions; with a further subdivision of the latter 
into the iron group, ordinary steels, and alloy steels. 

In the non-ferrous group, this discussion is limited to copper and its chief 
alloys, brass and bronze, and to aluminum and its alloys. It may be rightly 
contended that copper is selected for structural purposes because of its non- 
corrodibility or because it is ornamental. In no case is its choice an acknowl-- 
edgement of superior, or even equal, physical properties of strength, ductility, 


or unit weight obtained at a competitive cost figure in comparison with 
structural steel. 
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For the aluminum group of metals, the sate general statements may be 
made, except for the important modification that the desired physical proper- 
ties may be obtained with lessened weight of structure, and this may dictate 
the choice of material. As a specific example, the use of aluminum floor- 
beams in the Smithfield Street Bridge, in Pittsburgh, Pa., may be justified 
from the engineering viewpoint as prolonging the useful life of an existing 
superstructure by lessening the dead load and thereby coping with the neces- 
sity of taking care of the heavier live load of existing traffic. In a somewhat 
similar manner, the higher cost of aluminum window frames and other parts 
of the Empire State Building, in New York, N. Y., may be justified or even 
offset, because of a lessened load on a costly supporting structure. 

For the usual corrosion conditions prevailing in the realm of structural 
engineering, the metals of the foregoing non-ferrous group may be claimed 
to have a high order of immunity. Special conditions or locations may be 
cited as exceptions, without defeating the generalization. In all cases, their 
use in structures is of a limited, specialized nature. Occasionally, their cor- 
rosion value is a dominant factor in their selection, but more often this 
desirable characteristic may be taken as an added feature in a choice made 
because of special considerations related to design. 

Except for very special conditions and applications along the lines noted, 
the structural engineer will confine his selection of a metal to the ferrous 
group. Economic considerations, necessitating individual analysis and judg- 
ment, will determine the choice among the several types of iron or steel 
comprising the group as a whole. The presentation which follows is an 
attempt at a general appraisal of their features of merit or demerit. 

It is logical that ordinary steel should be considered first since it is, and 
probably always will be, the dominant metal for structures. Furthermore, 
it serves as a well understood standard against which the alternative metals 
may be properly appraised. 


STRUCTURAL STEEL 


The “Age of Steel” began with the inception of the Bessemer process in 
1855, and the open-hearth method of Siemens shortly thereafter. Since then 
tremendous progress has been made in a technical as well as in a manufactur- 
ing sense. One may claim that the customary type of structural steel repre- 
sents the “bed-rock” standard in its all-around features of cost and physical 
properties, to meet the general need. It is an adaptable material in the hands 
of the metallurgist, who finds that, through adjustment of chemical composi- 
tion, aided by heat treatment where desired, a wide range of controlled 
properties is obtainable. The customary metalloids—carbon, silicon, sulfur, 
phosphorus, and manganese—may be added or held to any practicable limits, 
even to a virtual approach to zero. Limits are set by the cost of the operation 
- in comparison with the advantages accruing. 

For the foregoing five elements, and in the range usually encountered in 
ordinary steels, one may summarize the following facts concerning corrosion. 

Carbon is added, as a rule, for the purpose of conferring the desired ten- 
sile, elastic, and ductile properties. Although there is an apparent gain, from 
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the corrosion viewpoint, as the carbon content is progressively lowered, the 
overwhelming advantage in fixing the percentage in accordance with the dic- 
tates of a standard fixed design relegates the corrosion factor into the back- 
ground. Within the usual range, the influence of carbon upon the corrosion 
of the structure may be considered as relatively unimportant. 

Silicon and manganese are the steel-makers’ correctives, introduced to 
neutralize otherwise deleterious effects upon the physical properties. Although 
each may influence corrosion adversely as the quantity in the steel increases, 
the effect is no doubt small. In much of the literature and theory relating to 
corrosion, manganese has been given unwarranted prominence as a harmful 
agent. The structural engineer may rightly disregard these elements in 
the quantities customary in the steels that are of commercial interest, as 
serious factors in the corrosion of the structure. 

Available evidence indicates that phosphorus has a retarding influence on 
corrosion, varying with conditions of service and probably being most pro- 
nounced in the case of atmospheric exposure. However, the well-known effect 
of phosphorus in promoting brittleness in steel will continue to dictate the 
low-phosphorus content of structural steel specifications. Design, and not 
corrosion, considerations will rule. 

Sulfur is invariably recognized as being harmful from the corrosion view- 
point. It should be kept as low as possible with due recognition of the factors 
prevailing in any particular situation and of the added cost where abnormally 
low limits are demanded. 

As a generalization, it may be stated that composition, within the specifi- 
cation limits set for plain structural steels, has little bearing upon its life 
from the corrosion angle. This generalization is subject to adverse modifica- 
tion, however, if steel is made so carelessly as to be characterized by segre- 
gation, non-uniformity, dirtiness, ete. 


Cast AND Wroucut Iron 


Before the introduction of steel, the iron group—namely, cast iron and 
wrought iron—formed the dominant materials available for structural uses. 
Cast iron has had an enviable record for corrosion service, especially for 
atmospheric and soil conditions. It is interesting to note that this is in 
spite of the fact that it is chemically the least pure and homogeneous of the 
ferrous metals. It is not reconcilable with a very widespread assumption that — 
purity represents the goal in corrosion immunity; and it does lend support 
to the barrier principle of protection. In the case of cast iron, as corrosion 
proceeds, an increasing surface barrier of graphite flakes, aided perhaps by 
a tightly adherent layer of the corrosion products, serves to slow down, and 
to spread, the rusting effects. However, the brittleness and low tensile 
strength of cast iron, and its lack of desired fabricating qualities, will hold 
it to a very restricted and specialized place in modern engineering of 
structures. 

One cannot impeach the integrity and experiences of those who believe 
that steel has failed to measure up, in corrosion service, to the standards set 
by wrought iron in the long history of its use. The Pillar of Delhi is a 
conspicuous example. England and Continental Europe contain many — 
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examples of a later date, whereas wrought iron dating from the Colonial 
period of United States history, such as the Bowling Green fence in New 
York, N. Y., furnishes factual evidence to support the contentions of wrought- 
iron adherents. Furthermore, one cannot dismiss lightly the contemporary 
records within the relatively brief period which defines the Age of Steel. 
Wrought iron has a place in contemporary engineering; that is, in special- 
ized applications where corrosion and shock or fatigue stresses are encoun- 
tered. Limitations in manufacture have been handicaps, resulting in 
restriction of markets to a few specialized lines, such as pipe and bar iron; 
and cost problems have narrowed the zone of utilization. The manufacturing 
handicaps for wrought iron have been overcome, and one should expect an 
expansion in its use, both in quantity and in diversification of application. 
In the structural field, aside from possible fatigue considerations, wrought 
iron offers no advantage over steel, from a stress or fabrication viewpoint. It 
must find its place where experience indicates that it will give an economic 
return in the necessarily specialized fields of utilization. Superior resistance 
to corrosion will be the basis of selection. 

Commercially pure iron, or ingot iron, is a contemporary metal of impor- 
tance. It is interesting to note that its development is due to an acceptance 
of the principle that wrought iron had rust-resisting qualities superior to 
steel and to a belief that high purity of base metal was the fundamental fea- 
ture contributing to this superiority. This subject is the center of much 
commercial controversy. The steel interests contend that nothing has been 
gained over what may be expected with customary grades of mild open- 


hearth steel. The wrought-iron advocate will not admit that open-hearth iron 


has proved an adequate substitute for his products; and quite rightly con- 
tends that it is not wrought iron. Although the two have in common a high 
base metal purity, the ingot iron lacks the physical incorporation of slag 
filaments which are characteristic of wrought iron. 


Autoy STEEL 
In considering the alloy steels, one is in the fairyland of ferrous metal- 


lurgy. The field is relatively unexplored and seemingly unlimited in extent. 


Actually, however, in the light of present knowledge and requirements, the 
useful territory is somewhat restricted. In comparison with customary steels, 
the alloy additions must result in improved strength characteristics, in com- 
parable manufacturing and fabrication qualities, and must have a reasonable 
cost. To-day, the field seems to be covered by additions of chromium, copper, 
manganese, molybdenum, nickel, silicon, and vanadium—together with carbon 
singly, or in various combinations. Covering the low-alloy steels Mr. J. C. 
Whetzel™ gives the general range of elements, as follows: 


(Geen ohn Axe 0.10 to 0.40 Copper ....... 0.01 to 1.40 
Manganese ....0.20 to 1.70 INTCKe ltr acrssnehte 0 to 3.5 
Phosphorus ....0.01 to 0.20 Chromium ... 0 to 12.0 
Sulfur ........0.05 maximum Molybdenum .. 0 to 0.40 
Silicone caves 0. t0°1.0 Vanadium .... Oto 0.20 


‘* Proceedings, Am. Iron and Steel Inst.. May, 1935. 
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From the corrosion viewpoint, it appears that the carbon-silicon-manganese 
group has no particular merit and that the results of promise are in the com- 
binations containing copper, nickel, and chromium. 

Nickel steel (3.5% nickel) has been a standard, high-strength structural 
steel for many years. It has had a reliable performance record with high- 
strength characteristics, without the necessity of special heat treatment and 
radical deviations in manufacture and fabrication. The cost of the nickel 
addition has been the factor that has held this material to specialized applica- 
tions in structures. The nickel content of the steel no doubt confers added 
corrosion resistance, but scarcely in proportion to the additional cost. Con- 
sequently, the use of nickel steel would not appear to be justified from the 
corrosion standpoint alone. 

One of the most successful developments: has been copper-bearing steel 
which has been successful because a small quantity of copper (0.30%) confers 
material benefit at low cost. Comprehensive tests by the American Society 
for Testing Materials indicate a substantial corrosion resistance under atmos- 
pheric conditions, particularly in industrial centers. A similar merit, however, 
cannot be claimed for immersion conditions. The added cost of this copper- 
bearing steel must justify its selection solely because of its corrosion character- 
istics; no benefit may be claimed because of its other physical properties in 
comparison with standard structural steels. 

The results with higher copper additions (0.50% to 1.5%) are rather doubt- 
ful as far as structural applications are concerned. There is higher strength, 
and probably greater corrosion resistance, but the relationships of copper and 
iron in these higher ranges may lead to difficulties in manufacture and to 
unreliability in fabrication and in after service. It is not improbable that 
copper will play an important réle in subsequent developments by recourse to 
other auxiliary alloying elements which will serve to shift the normal rela- 
tionships of copper and iron, or to mask the otherwise detrimental effects. 
It may be that molybdenum has an influence of this character. 


Low Autoy Srructurat STEEL 


In the past few years there has been a marked impetus in the development — 
and exploitation of new steels in the low-alloy group. Numbers of these alloys : 
are on the market under commercial trade designations. The general types are © 
well summarized by Whetzel™ who gives the chemical composition, tensile and 
impact properties, and other characteristics. With a demand for lighter struc- 
tures, the steel industry has endeavored to meet the competition of low-density 
metals by offering higher strefgth characteristics and consequent lessened 
section and weight. Quite naturally the greatest impetus has come through 
the transition which one observes in the transportation field. Promoters of the 
new low-alloy steels have the objectives of stepping into the territory so ably 
filled in the past by the use of nickel steel, but at a reduced cost. Manganese, 
silicon, and copper are the agencies presenting the greatest possibilities, 
because of the moderate required amounts and the low base cost of the alloy 
metals. Alone, or in various combinations, and often in association with 
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nickel, chromium, molybdenum, and vanadium, one finds, to-day, the general 
list confronting the structural engineer. 

As a matter of fact, the manganese and silicon structural steels have been 
used for a considerable period. From the corrosion viewpoint, they may be 
likened to ordinary steel and their selection should be made only because 
of benefit from a design basis. 

In appraising the low-alloy steels from the standpoint of corrosion service, 
one quite commonly overlooked feature is worthy of emphasis, The basis of 
selection is almost invariably higher unit strength and consequent reduction 
of weight. In most structural shapes, this means little change in the over-all 
surface exposed to the elements and a reduction of section thickness in pro- 
portion to the increased strength of the metal. Consequently, if the strength 
is doubled, and the section thickness is reduced one-half, with a unit cor- 
rosion-merit value of twice that of ordinary steel, the life of the structure, 
as far as comparative corrosion is concerned, would be the same. In effect, 
therefore, in the selection of structural materials, the benefit to be derived, as 
far as it relates to corrosion, will be only to the extent that the corrosion-merit 
ratio exceeds the strength ratio for the metals under consideration. 

In general, a proportionately high order of corrosion resistance in the low- 
alloy group does not appear to be attained unless the quantities of chromium 
or nickel, singly or in combination, are relatively high. In such a case the 
engineer is faced with a high-cost spread and the possibility of manufacturing 
and fabricating peculiarities. The writer believes that selection of metals in 
the low-alloy group would not be justified in engineering structures, as a 
major substitution for plain steels, if all other physical factors were the same, 
and corrosion was the only service consideration. On the contrary, where 
design characteristics of the several types dominate the selection, the equiva- 
lent corrosion characteristics may be considered as an additional premium 
obtained with certain of the materials; or the selection may be made by proper 
appraisal of all factors—strength, corrosion, and cost—peculiar to the com- 
peting metals. Obviously, with this criterion as the logical basis of choice, 
each structure becomes an entity unto itselfi—a problem for individual solution. 

As illustrative of some considerations involved in any generaliza- 
tion regarding the low-alloy steels, one may cite an interesting alloy 
combination noted by Whetzel™. A chrome-copper-silicon-phosphorus addi- 
tion gives to this steel the properties of the medium high-tensile group. It 
is claimed that the detrimental effects to be expected from abnormally high 
phosphorus (0.10% to 0.20%) are masked by the complex alloying relation- 
ships, and cold shortness is not induced in the metal. Graphs are given by 
Whetzel showing comparative corrosion in industrial atmosphere for two 
years, and the citation is made that copper-bearing steel has a resistance of 
two to three times that of ordinary steel, whereas for the chromium-copper- 
silicon-phosphorus combination the ratio is four to six times. If these com- 
parisons are borne out by long-time service experiences, one would have a 
rational basis for the evaluation of the alloy for structural needs, with adequate 
balancing of all factors—strength, corrosion, and cost. Such evaluation at 
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present would be unwise, since ultimate life cannot safely be predicted upon 
short-term, progress data. Furthermore, in the corrosion field, results vary 
markedly with conditions of service. 

The greatest promise in the structural field is in adding alloys of low 
cost, in quantity and kind, which will give a positive corrosion merit warrant- 
ing selection in competition with the usual grade of structural steel even if 
there should be little or no gain in the other physical properties. 

One might almost claim that corrosion, for the conditions confronting the 
structural engineer, has been conquered by alloys of the 13.0% to 16.0% 
chromium, or the 18.0% chromium with 8.0% nickel classes—the high-alloy 
group. These steels have the ideal quality of forming thin self-healing surface 
films in usual environments which, in the last analysis, is the goal that the 
corrosion specialist dreams of achieving. However, aside from questions of 
fabrication and peculiarities of properties under certain conditions, stainless 
steels have very limited, specialized applications in structures because of a 
relatively high unit cost. 


SurFacE Protection 


Corrosion is a surface reaction, so that surface considerations or applica- 
tions form a logical method of attacking the problem. Furthermore, in view 
of the fact that a ferrous metal of moderate cost is, and will remain, the domi- 
nant one for structures, and that rusting will occur in some degree, paint or 
equivalent surface applications are required in most installations, if only for 
sesthetic reasons. An admirable paper on the surface protection of steel has 
been presented by Mr. F. N. Speller™ 

Of the metallic coatings, interest centers upon hot-dip applications of zine 
or tin. Of the two, galvanizing only need be given serious attention because of 
the high cost of tin. Although galvanizing forms a good protection for most 
exposure conditions, the cost is relatively high. Painting is usually a neces- 
sary accompaniment; and application of zinc is impracticable on the sizes and 
shapes used in large structures. In certain cases, such, for example, as bridge 
parts to which access for painting after erection is difficult, a zine coating 
applied by hot-dipping, or by the metal-spray method, may be advantageous. 
Every one is familiar with the extensive use of galvanizing in building sheath- 
ing and in electrical transmission towers. In general, however, zine and 
metallic coatings, as a whole, are of minor interest to the structural engineer. 

As a protection against corrosion, the non-metallic coatings have merit 
only because they isolate the metal surface from contact with its environment 
—moisture in particular. The necessary qualifications are firm adherence to 
the underlying metal, a continued imperviousness, and resistance to disinte- 
gration during exposure. The metal surface is an important feature since 
dampness, grease, or rust affect adherence. Furthermore, the evidence is that 
iron or steel which corrodes to a dense, adherent rust is of decided advantage 
in the effectiveness of a paint coating, in contrast with results where the steel 
corrodes to.a flocculent, loose type of rust. Paints containing pigments of the 
red lead, or-of' the chromate, types appear to have an inhibitive action: on 

° Transactions, A. S.M.B., June, 1935. 
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the corrosion of the steel base. To this extent they are of advantage in the 
contact zone; that is, in the priming coat. 

Paints comprise the most important material available for the surface 
protection of structures. Coatings of greater thickness, such as bituminous 
or Portland cement mixtures, are more commonly applied in underground 
protection. In such cases, inaccessibility after erection demands a coating of 
reasonable permanence, since repeated renewal, as in painting, is practically 
out of the question. The fundamental features of protection are similar to 
those noted previously. In addition, the bituminous coatings should possess 
sufficient plasticity to yield under slight movement, and to resist cracking, 
and yet be of proper consistency to hold up under temperature influences and 
to resist deformation under earth pressures. For pipe lines, as an example, 
this has been satisfactorily accomplished by reinforcement with wrappings of 
burlap or asbestos embedded in the bitumen. 


THe FutTuRE 


The metallurgist has advanced materially in his knowledge of the mechan- 
ism of corrosion. Likewise he has made progress in the improvement and 
development of materials for utilization by the engineer against its ravages. 
For this latter, more practical, accomplishment one may credit the eternal 
rivalry and struggle for supremacy among the several competing groups 
involved in the manufacture of materials for structural uses. One may look 
into the future with confidence of further progress which will be measured by: 
(a) Betterment of existing materials; (b) possible development of new types; 
and (c) reduction of cost spreads which will re-orient the economic basis of 
selection. After all, corrosion is an economic problem to an even greater 
degree than it is a technical one. There is no specific formula by which 
metals may be evaluated; results under one set of conditions are not neces- 
sarily transferable to another environment. Unfortunately, there is yet, no 
quick time test for appraising comparable to the tensile test which makes the 
diagnosis of physical properties reasonably satisfactory. Experience and good 
judgment remain as the best guide in selecting materials for corrosion service. 

On the side of the structural engineer, the advances in knowledge and 
in materials open up a broader field for selection and economic placement. 
There are numerous places where special materials, even at higher cost, are 
justified from the viewpoint of corrosion alone. In bridges, there are inaccess- 
able parts, such as connections and floor members; and, in buildings, harmful 
conditions may be encountered in foundations and where there is exposure 
to the atmosphere. Submerged structures (piers, etc.) present a serious prob- 
lem, whereas the atmospheric conditions associated with marine and many 
industrial structures are conducive to accelerated deterioration. For these 
special cases it is good engineering to weigh all factors carefully and to select 
such metals or protective measures as experience and good judgment may 
indicate. However, in the broad field of structural engineering, and in spite 
of prospective development in the higher strength alloy steels, plain carbon 
steel will continue as the dominant material. The corrosion problem will 
remain as a serious handicap. The best defense will be “keep on painting.” 
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ACTUAL APPLICATIONS OF SPECIAL 
STRUCTURAL STEELS 
BY Vic D, BRARD™..M; AMs o0e. Gai: 


Synopsis 

Within the meaning of the title selected for this paper it seems advisable 
first to preface the discussion by mentioning the steel adopted as the standard 
of reference, and then to give a list of materials to illustrate what are properly 
designated “Special Structural Steels”: 

(a) The standard selected as most suitable for the purpose is Carbon Steel 
A.S. T.M. Specifications A7 and A9. Comparisons of the special steels will 
be referred to this standard. 

(b) Special structural steels, which draw their distinction from their physi- 
cal properties, or their resistance to corrosion, or in some cases from both, 
afford a considerable variety. Representative members of this group are the 
following: High-carbon heat-treated steels; carbon steels containing copper; 
silicon steel; manganese steel; nickel steel; manganese vanadium steel; 
Cor-Ten; Cromansil; chromium steels; the stainless steels; and carbon steel, 
cold-drawn, for cables and wire rope.” 


Brioges — Long Spans AND MoNUMENTAL STRUCTURES 


Typical examples of structures in which special steel was used, are as 
follows. ’ 


San Francisco-Oakland Bay Bridge—This great structure symbolizes an 
epoch in American bridge building. Approximately 4.5 miles of the 8.5-mile 
crossing consists of various types of bridge construction in which 200000 tons 


TABLE 11.—Puysicat Cyaracteristics or Sprectan Structurat STEEs 


Unir Srressrs, 1n Kips ppr Square INcH 


Description 


Ultimate Yield Working 
strength point stress 
(1) ¢ (3) (4) 
INEGUIUMINGArDON Steel... chnseeeas Sek eee ae 62 37 28 
PUICUD BUCO evecare tices 5. <akl so necks atic eae oe 80 45 28 
PNIGROMBEDAL Set «cfm stsls.y onl sae eens en ae 85 55 34 
Heat-treated eye-bars..... 66.0... cccsevedecevucens 80 50 34 
COLEUS GES o Eee Stam pare yaaty pat en tne 220 150 82 


of steel were used. The individual units, when viewed apart from the entire 
project, are notable bridges in their own right, and merit rather detailed 


description because of the extensive use of special structural steels. These ~ 
a ee eee 


™% Designing Engr., Am. Bridge Co., Pittsburgh, Pa. 


™ Progress Rept., Sub-Committee No. 2, Committee on Steel of the Structural Divi: 
meROrs Se rs fs parece Alloy and Heat-Treated Steels, Proceedings, Am Boe Gem 
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steels are classified as shown in Table 11 with regard to ultimate strength, 
yield point, and unit stresses. 

The West Bay Crossing, from San Francisco, Calif., to Yerba Buena Island, 
is composed of two, nearly duplicate, double-deck, parallel wire cable, sus- 


TABLE 12.—Basto Data, Lone-Span Brings 


San FRANCISCcO— 


George | OAKLAND Bay + 
5 Seas Washe Brien Golden | Ambas- Dole, Bayonne 
escription ington |———————_ Gate sador River Bridge 
Bridge | West East Bridge | Bridge | Bridge 
Bay Bay 
Crossing] Crossing 
EE NOTOL BUTUCTULE, ....s,00.00.0)0.02 sales Suspen- | Suspen- | Canti- Suspen- | Suspen- | Suspen-| Steel 
R E sion sion lever sion sion sion arch 
Length of main span, in 1 a ACS 3 500 2 310t] 1 400 4 200 1 850 1 750 1 675 
Length of side spans, in feet........| ....-. 1 155 500 TAS ate TODA Weaeteleiels: 
pik Tam of structural steel, in tons...| ...... 8457008) 50 COON ees coe. dikes sssten ae ae 17 160 
ables: 
Diameter, in inches........... ae 36* QS Ele Weramiene BOLLE i weraeees 300|_ wateue 
Number of galvanized wires...... 26 474 | 17 464 | ...... TaD Tea nh ceterstcleren| acoketsr sere tes acters 
Diameter of each wire, in inches... { 6'196 iy Titsl sulle week 0.192 FOL 1062 Merten 
Maximum stress, in kips per square 
PINOT SIRY sic aue cuss is. hye porta wee dooce 82 Sora peek mate « QA ceo 2 V2. Geacars 
BRGTEL ere eistette etele aca toevale vie 8 = 512 Cold Cold’P Paces. Cold Cold Cold hasesicistes 
drawn | drawn drawn | drawn | drawn 
Ultimate strength, in kips per 
SAUATS WCHioe ae ie Ae eel elvlm He ne DOO teas east lt untetsir's 220 215 'QO0 ii Tata seals 
Yield point stress, in kips per square < 
INCL re akerertoTeh ad ciouaho lela aicrepehies|i isi euesebetierss| | cesiecetetal. Vp SiepeHeye.e 160. 144 144 | owas 


* Four each. + Average must be 225 kips per sq. in. ${Twoeach. § Total weight of two bridges. 


pension bridges (see Table 12). The following tabulation will give an idea 
of the various types of steel used and their relative weights: 


West Bay Crossing, West Bay Crossing, 
San Francisco-Oak- San Francisco-Oak- 
Distribution land Bay Bridge Distribution land Bay Bridge 
(Tons) (Tons) 
Silicon steel in towers, Phosphor bronze ...... : 25 
cable bents, and cen- 
ter anchorage ....... 18500 Cable: wirer rcs easel 48,000 
Heat-treated eye-bars 
ATIGs WINS fein 's een = oleic 350 Cable castings ...... % 830 
Nickel steel ........--- 280 
Silicon steel on sus- 9.25-in. suspender ropes. 118 
pended structure..... 24000 
Manganese steel rivets. . 300 


The percentage of this weight that was of special steel may be noted by 
reference to Table 13(a). The East Bay Crossing, from Yerba Buena Island 
to Oakland, Calif., is composed of four 280-ft deck spans, one cantilever bridge 
with a 1400-ft main span, and two 500-ft side spans, five 504-ft through spans 
on bents, fourteen 280-ft deck spans on steel bents and masonry piers, and ten 
82-ft plate-girder spans. A comparison of this 1 400-ft cantilever with the 
Quebec and Firth of Forth Bridges is shown in Table 14. The special steels 
in this structure, their distribution in the various parts of the structure, and 
the percentage of the total tonnage, are given in Table 13(b). 
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TABLE 13.—Disrrieution or SprciaL Types or STEEL IN THE San FRANcISscO- 


OaxLanp Bay Brice (Weicut, in Tons) 
ees SS Ow! 


(a) Wzst Bay Crossina (b) East Bay Crossina@ 
Type T sit. | foams Canti-| T¥- | 500- | Lattice | Gir- 
2: 3B, Pier | fening | and Total lever bed foot truss der Total 
and 6 | No. 4 | trusses | string- span | pents | 8Pa2 | spans spans 
ers 

Silicon wie worbialetp wi eimai 17 500 | 500 15 000 | 6 950 | 39 a) d ie 3 525 | 6 500 | 10 250 | 350 28 re 

Nitkel cee ere ee ecm ater |, CSO lies cse! | mae Pr het Ul (ane cee Wee os eo ares| [Goss = 
pa PLVOTS Prete ays.chcses| sesh Sets ane DB I) aren lhestapstete, [ectacton Sn ie eoageee 25 
osphor bronze....| ...... | ..--- | PR] wee | A HT we eee | were | ceeee | sevens | eeeee | orga gee 
Heat-treated eee Da an Wt obseal anon cae baeeae a IRebach0 3050) ieee a BN Val Mragtric | baie 4 250 
Es cree! ty a ee % 79 62 82 Ae SSAC 77 64 62 52 43 64 


Tables 15(a) and 15(b) show the chemical and physical properties of 
the special steels: For nickel (Table 15(a)) as averaged from the first ten 
melts; and for silicon (Table 15(b)), as averaged from thirty melts, ten from 
each of three mills. There are 370 tons of low-nickel chrome heat-treated 


TABLE 14.—Comparison or Materta, Usep in THese CantILeverR Brinces 


MarpriaL Usep (PERCENTAGES) 


Span Total 
Bridge length, weight, Heat- 
in feet in tons Nickel Silicon treated Carbon 
ars 
San Francisco—Oakland Bay. . 1 400 20 900 16 40 10 34 
Mirthivok Oreh.s: \cucives onc 1 700 80) OO0'* Ober. Se ae clieteceh oti | Mere eeemtae 100* 
GQushbecitr. cote te wm Set 1 800 62 900 A eR tor ry oe Nil bate a yy ok 73 


* Medium carbon steel. 


pins in the cantilever structure which vary in size from 11} in. to 24 in. in 
diameter and which have the chemical and physical properties shown in Table 
15(c). The manganese rivets were furnished to the specifications shown in 
Table 15(d). 

Golden Gate Bridge-—The Golden Gate Bridge is the longest single sus- 
pension bridge in the world (see Table 12). It is a single-deck structure and 
is 90 ft wide from center to center of stiffening trusses, providing for a 60-ft 
roadway and two 11-ft sidewalks. The 700-ft towers are of the fixed-base, 
flexible type. The live load on the stringers was four 24-ton trucks and two 
50-ton street cars abreast, with 50% impact for stringers and 25% for 
floor-beams. 

Silicon steel was used for the top 200 ft of the towers and for the cross- 
strut below the roadway. The allowable unit stresses were 24 kips per 8q in. 


on silicon steel and 18 kips per sq in. on carbon steel, except as follows (units 
are kips per square inch): 


Carbon steel in stiffening trusses...................0-. 21 
Silicon steel in stiffening trusses...................... 32 
Silicon steel in lateral bracing....................-.- 32 
Silicon steel in flanges of floor-beams................. 22 


Carbon steel in webs of floor-beams................... 16 
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There were 20000 tons of silicon steel used on this bridge, and 2500 tons of 
heat-treated eye-bars were used in the anchorages. 


TABLE 15.—CuemicaL Composition AND PuysicaL CHARACTERISTICS OF 
Sproat SrructuraL STEELS 


CxemicaL Composition (PERCENTAGES) Unrr A $ 
Sreussms, | | | ¢ 
1n Kies as 4 
PER 8 g 
SQuaRE 3 3 
see Remarks iS a Inca 8 3 
. ae oe: : epee ec 
s =, be see ex 
g1$\¢lelai2|£) # les|S2| 2 Z 
= 3 & o8)])2O 
a4\3\|é¢\2)2\|2|8|6 |fe)/58| & | s 
[7 Pai 
(1) (2) | @) (4) (5) (6) (7) | (8) (9) | (10) | (11) | (2) | (13) 
(a) NickEeL STEEL IN THE SAN Francisco —-Oaxianp Bay Bringer 
1 | Average.........-.. 0.29 | 0.62 | 0.015 | 0.023 | 3.40 | 0.21 a Meer 65.5 | 97.4 | 18.6 | 38.6 
2 | Minimum.........- pedis) OAD eocody Tilinnooe 3.25 OF16 | :02260\N ae. 59.5 | 90.6 | 16.2 | 30.5 
3 Maximum Bey cy suately cia (ris |) Oseaa Neuse || eooon 3.69 | 0.25 OBB) la srave ars 72.6 {104.6 | 21.2 | 47.3 
4 | Specifed........... 0.407] ... 0.047 | 0.057 | 3.002] ..... O2OT TE res ote 55.09] 90.0¢| 129 30 
j (b) Surcon Srprn IN THE SAN Francisco — OAKLAND Bay BrIpGE 
5 | Average..........-. 0.31 | 0.82 |0.02 0.03 0.273 0.265) Be 53.9 ) 89.9 | 22.8 | 46 
6 | Minimum.......... OE26: ROLES: eccketess teeta. sf soe || Oapal Ob204F) Shae: 46.4 | 81.0 | 19. 34.8 
7 | Maximum. PE AIEOZSS OOO as, call ccoxrets vone. | 2084 OL Baa eas 63.9 | 92.5 | 26.2 | 55.8 
8 | Specified........... 0.40?| 1.002 |0.047 | 0.057 | .... | 0.457 | 0.209] ..... 45.09| 95.0°| 14 35 
(c) Low Nicxzt, Curomium, Heat-TREaTEp Pins; East Bay Crossina, San Francisco - OAKLAND Bay Bripen 
9 | Average, twelve heats] 0.33 | 0.64 | 0.026 | 0.025 | 1.36 | 0.20 | .... | 0.65 64.2 | 97.3 | 21 | 53.7 
(d) Man@anese Rivets IN THE San Francisco - OakLAND Bay Brinan 
10 | Specified........... | 0.307] 1.357] 0.047 | 0.05 | .... | 0.257 | 0.209] ..... }42 | 90! | .... | 45 
(e) SprcrrIcaTIONS FOR SPHCIAL Manaaness Sreez, Bayonne (N. J.) Baan 
11 | Structural steel...... al Tel 2.ded | ett: | Pee L030" |e. | sewers 55 90 ee | eels 
12-\SRivets).2-.. << oe 0:35P|00 8027] eos leew ae OU80 ere 47 |100" pal sere 
(f) Heat-Treatep Eys-Bars IN THD Huny P. Lone Brivan, at New Orimans, La. 
13 | Average............ 0235. 10563 The... ees EOS: Le woe Maeetes 58.5 | 89.0 | 10” ae 
14 | Minimum.......... 0231, 10. GSM ioe cal eietasers OS060) Wear clipe 2. Tah 8252 17/56) cron 
45 | Maximum.......... OSLO NTIa ites her swe (3 Ob re al) Benoa 64.4 | 97.4 | 14.74) .... 
16 | Specified.......-..- eS CTH Cats 7 | ame Ronecrae | Monoctel lerrocoeL acs acie| Moc 50.0 | 80.0 | 8.0%] .... 
(g) SpwctaL Hwat-TReaTeD Eyz-Bars iN tam Pornr Prmasant Brivan (W. Va.) 
ATO AVOTAGESS « cisi51e «10:20. en bao Be bee eee atetat Mec snl [Roc caeen [ar ceten pore 81.0 |114.5 | 6.84 
18 | Minimum net coteeoall secencual| cowed sokuctoae || acid Pe Spicho ca | earch 78.3 |111.6 | 4.1” 
19 | Maximum BO See A) Gree || -oleso. Page: | cobec | Rtccn MonOrc 85.7 1119.6 | 7.7” 
20 | Specified A rexel eal Oa 75.0 |105.0 | 5.0” 
(kh) Tusts or SrructTuRAL Steet FROM THE Ricumonp Powsr Sration, PHILapELPHta, Pa. 
21 | Minimum O81: 1/0268 on. ae Weeae See WiOv1s Saas | sets | 41.5 | 80.2 | 18.2|.... 
| 0:39) 1 0.90 Vna 2e Wiens See oe: Wate” Weal ans 53.1 | 94.1 | 24.5 1.... 


22 | Maximum 
: (i) Sranparp Maneanuss Bours 


23 | Specified........--- | 0.307| 1.354] 0.04 | 0.05 | .... | Samet Ae ee | Ot Em te 
(j) GRILLs FOR THE Kanawna Powne Prant, Hawks Nust, W. Va. 
Range: 

x | Renee] 08 | EB [oes ee ps 1972 0.70 fc tom | 18 & . 
- (k) TownRs OF THE PHILADELPHIA - CAMDEN BrinGu 

26 | Average........-.-+ OTR CO eee [nae eben en eee al eae (earn CR polrselMdhas 

(l) Towmrs oF THE GOLDEN Gata Brives 
O7a| Avelagenane jae. « (OLD 7 Set 20; ree Weems Jibei SNOW 24 Wl chars oe If ectataiate iF eee or ea coe bor 


? Maximum allowable. 4% Minimum allowable. * Minimum allowable value, 0.20 per 
cent. * 80 to 95 kips per sq in. ¢75 to 90 kips per sq in. “From 0.10 to 0.80 per cent, 
«From 82 to 100 kips per sq in. “ Percentage elongation oe ft. *For all items in 

: . A pas Pe 5 
this section, the percentage elongation in 8 in. = Ultimate strength arenath: 
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TABLE 15.—(Continued) 
SNe ————————————— nn 
= | 
Cummicat Composition (PERCENTAGES) Unit = g 
__| Srrpssus g q 
in Kips : * 
PER g 8 
SquaRE = faa Rei 
Incu a 3 
Item Remarks 3 2 
No. 8 3 g a i © 
a 5 a = =] 5 ‘A as 2 2 
£12|/812/3) 28] & |saleei ala 
a 3 7) mn % a 3 5 halos £ & 
tL wm _ ltalole!@olo!l@ lo! 1oo1an {a as 
(m) Tusts To Osserve Dirricuttins or Fasricatine Hica-Tenstie Steet wits Present Sor Equipment (Sur Tate 17) 
Posy oe au a 845/200: [deca | Leva Bae ele all cae Ae 82 1126 | 9.5] 7.6 
LOD demi, | tee eats Pa Bre ha bee val le ee 3 75 109 16.0 | 42.4 
29 OB Aicststilavta a ater 0.32 f aa 
30 DOB Ktardante aise. O82" (al ODay onsnee| rentals scored n'h, Face crete eal ea a) dale 75 109 16.0 | 42.4 
31 BRUT Ae pralle is <'s-e/0'4 ee ee ee ee MO 20 ell aeetels T pewtesa 61 100 16.7 | 46.7 
32 DOT Se cteldclesis shas 0/34 | BT. .dem | yee oar | RSE t Perc ORil Me setetete 65 102 19.5 | 53.6 
33 DOT ae elt owdearw'es 0.844 FB Weave) sade aor) OSE eee ene 65 | 102 | 19.5 | 53.6 
34 DAT ace ctars ctl OS86. 5] LOSI eS ral eee vitae HODLOLL LOE hin Reta 78 | 102 1.5} 2.5 
35 2S etic. chitaite 0/86/4100: | eee iinasoce aes ot O23) geeky al yer 80 | 127 | 11.5 | 17.9 
36 OT rctlnehaied s O20 ce 1708) bee erat eee DAZ TOLSO Ga eesen || saree 64 | 100 | 16.0 | 51.8 
37 BSS Nes cs canoe OLQG OSES eee he caters 25124] #0130 cal =e cui aceers 64 | 100 | 16.0 | 51.8 
38 BU felenee rackets OL 2B POUT ees ast lt stg cee 221.0 Bet esa) hie 65 100 19.5 | 42.5 
39 QUT etiuitesesh eh OL Sol IESG| eo). litecoeiee Fee OB ee ail iraece ats 70. } 112 | 12.0 | 25.0 
40 Adee ais genesis dae 0.855, de 85. |\wercienhcstens solos] SOLS elliaiaamy dearcante 70 | 112 | 12.0 | 25.0 
41 DA Wiese t esata, ab sae Oe ZO Th LOD UI cocietyral Niseat cats 2201 120 28 sel iseonns oe ececios 67 .| 106 17,7.) 37.4 
42 DID sedate asus wees 52001 La0Rah Rice ae tsa sae 2.01") O226.4) art see 67 106 17.7 | 37.4 
43 TOS. oho heteben O5800} ORS mc See Vi etease< 210) :0826 51). Ore picts 61 102 18.2 | 42.7 
44 DOU Gatiat ve seas 0730) | OL8Bs| snes oats 210d 0.26. FL ee: ciate cee 61 102 18.2 | 42.7 
45 QOT a wae ele OL28 LOOT ae Nevecks A ONZE | Biren |e acts 60 99 18.0 | 49.5 
* 46 DOPE che cciecne ens UB SUR ab ie 0) Weer So ee 205 tae 6 ees wen scoters 66 106 17.5 | 43.2 
47 228 cseth eo nike os OL8O TSO ie | ences saea Okano ee tee ten cuties 70 110 15.0 | 44.3 
48 DOB esi cisists cual OF35)) 1289: 0 eee | ates OL ZO cot cl Maree 70 110 15.0 | 44.3 
49 DIB Ri anetave wate are oh 0.860] 2-89 i sscccel Seats Os20e Petar a eee 70 110 15.0 | 44.3 
50 DA a caine octets 0 B5NL A SOale healt eee Mire 05209 eae ail Satoee 70 110 15.0 | 44.3 
61 28 a eee nor O83: LTB caer) seek PIS Oc atl eres ¢ Pere 58 102 15.0 | 20.9 
(n) U. 8S. Navy Spmcrrications ror Specian Sree, Surrante ror WaLpING 
Va. 
0. Peeeccev et OF A i etica a Pr Ne tant ONZE .... |008/018}. 50 80 Prose (state 
52 | No. 4895 | 0.18 | 1.45 | | | | | 
(0) Tzsts on Stuicon AND Nicxnt Srnen ror tan DeLaware River Brivar (Sun Mas. 34 anp 35) 
42.7 ) 74.5 | 26.7") 42.7 
47.0 | 81.8 | 23.2 | 40.0 
53 | Sheared plates, . 47,2 | 82.7 | 25.5 | 43.3 
all 5/8 in. thick...) 0.32 | 0.65 | 0.014 | 0.033 0.300 45.9 | 82.3 | 23.7 | 41.8 
5/68/88 
54 ae ae i ) ‘ 
y & by 3/4... 46.7 | 81.4 | 22.2 | 40.1 
8by 8 by 1..... \ 0.35 | 0.75 | 0.023 | 0.040 0.208 Sarit 48.4 | 82.5 | 22.5 | 33.1 
sf AM iS ioe as aed 79.3 | 25.0 | 38.3 
5/8 in. thick... } | 9-38 | 0-60 | 0.025 | 0.036 0.216 ve {] apa | o2:0 | eb | add 
56 ih die ae mill ; ; ; 
plates: | 0.35 | 0.86 | 0.025 | 0.040 0.280 o 47.7 | 89.0 | 24.2 | 50.1 
5/8 in. thick.... { 60.8 | 88.4 | 21.7 | 47.4 
57 | Universal mill plate: 
5/8 in............] 0.84 | 0.70 | 0.024 | 0.041 OS 208 Mima treare 48.1 | 82.8 | 20.7 | 44.5 
58 8 by Weld 3/4-in. | ues eh 4 7h! ae 
angles.......... 39 | 0.72 | 0.01 . ; ; ; : 29° 
6 | 0.026 | 3.28 | 0.052 | 759 121.0 14.7 | 33.2 
59 Sheared lates (| 80.1 |121.2 | 12.7 | 43.0 
n, thick. . 59.5 |101.0 | 20.5 | 43.5 
1/2 tn. thick... 0.31 | 0.57 | 0.013 | 0.027 | 3.23 | 0.080 Sat : é : : 
60 | Universal ie) hd 92.0 [21.6 | 50.4 
TyAb ine thick”. }| 0-28 | 0.50 | 0.016 | 0.026 | 3.18 | 0.076 ou lise |-aa'e at eeae 
61 | Sheared and Universal : . ; 
; one es: 
in. thick...... 
8/4 in. thick... 0.30 | 0.55 | 0.016 }.0.034 | 3.28 | 0.068 a 35.8 95.2 20.8 a3 
62 Sheared lates: “ey 55.6 | 97.4 | 18.2 | 39.8 
in. thick. 
* >| 0.28 | 0.51 | 0.013 | 0.033 | 3.2 56.3 | 89.2.) 20.7 | 43.2 
63 tae} Mi, niet -{] B41 | 88:0 | 22:0 | $53 
4 | a by 8 by b/8in. SAY Wonca! |Pees25 POP (ocr Winey ters. ba | be aaa ae 
-2 | 89.1 | 22.7 | 47.6 
MDGS Soclca vce. 0.84 | 0.41 | 0.015 | 0.026 | 3.16 | 0.052 ner 55 { 56.5 | 89.5 | 21.7 | 41.4 


——* 
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George Washington Bridge—This well-known bridge over the Hudson 
River, in New York, N. Y., is a suspension bridge with a 3 500-ft center span. 
Tt is 106 ft wide, center to center of stiffening trusses™. Silicon steel was used 
for the chords of the stiffening trusses for the side spans, whereas nickel steel 
was used in the center span. Silicon steel was also used for the main columns 
of the towers and main material of the floor system, whereas carbon steel was 
used for the tower bracing and for details of the tower and floor. 

The weight of steel on the bridge was divided as follows, in tons: Wire, 
29 000; carbon steel, 31000; silicon steel, 30000; and nickel steel, 2350. The 
towers contained 23 800 tons of silicon and 15 200 tons of carbon steel. 

Ambassador Bridge-—This international bridge over the Detroit River at 
Detroit. Mich., is of the suspension type. The towers are 363 ft high. The 
47-ft roadway carries five lanes of traffic, and there are two 8-ft sidewalks. 
The chords of the stiffening trusses are of silicon steel whereas the webs are of 
earbon steel for which unit stresses of 32 and 24 kips per sq in. were used. 
The cables were originally spun with heat-treated wire that had an ultimate 
strength of 220 kips per sq in. and a yield of 194 kips per sq in. This wire 
proved to be unsatisfactory when placed in the bridge, because of its inability 
to stand the bending stresses, and was replaced. The new wires were cold 
drawn (see Table 12), with the physical requirements of ultimate strength 
of 215 kips per sq in. and yield point of 144 kips per sq in., measured at an 
elongation of 75% in an original length of 10 in. A very extensive series of 
tests were made. Only 4 in 300 showed less than 215 kips per sq in., the lowest 
being 210 kips per sq in. A total of 45 yield-point tests met the specification 
requirements. Tension tests for permanent elongation indicated a propor- 
tional limit of 103 kips per sq in., which is well above design stresses. Creep 
tests showed very little difference between straight wires and those bent around 
sheaves. No wires broke over sheaves or at the point of tangency. 

Delaware River Bridge—This suspension bridge at Philadelphia, Pa., has 
a main span of 1750 ft and side spans of 751 ft 8 in. The towers are 337.5 ft 
high. Three grades of steel were used in this bridge: Silicon steel for the 
main compression material of tower posts, web members, and lateral systems of 
stiffening trusses, and some of the heavy girders in the approaches; nickel 
steel for chords of stiffening trusses; and structural steel for the remainder. 
The two special steels were used to effect economy in weight (webs of stiffen- 
ing trusses), or to secure great flexibility within the elastic limit of the mate- 
rial (in the towers, and still more so in the truss chords). 

A unit stress of 24 kips per sq in. was used for the silicon steel in the 
towers for the sum of axial and bending stresses due to dead load, congested 
load, wind, and temperature. Including the secondary stresses, the allowable 
unit stress was 27 kips per sq in. 

For the nickel steel (yield point, 55 kips per sq in.) in the chords of the 
stiffening trusses, a unit stress of 40 kips per sq in. in tension was used, and 
35 kips per sq in. in compression, with the top chord working stress 
reduced 3 kips per sq in. on account of lateral forces; 32 kips per sq in. in 


78 Transactions, Am. Soc. C. B., Vol. 97 (1933). 
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L 
tension was allowed for silicon steel in the web members and 32 000 — 140 = Ib 
per sq in. in compression. For the laterals, the allowable unit stress for sili- 
con in tension was 32 kips per sq in. and 30000 — 100 = lb per sq in. in com- 


pression, but some value greater than 10 000 lb per sq in., of this was absorbed 
by participation in the chord stresses. 

The Bayonne Bridge—This bridge, which spans the Kill van Kull, is the 
longest arch span in the world. It has a span of 1675 ft, a rise of 274 ft, and 
a width of 74 ft, center to center of trusses. 

The total weight of steel in the arch is 17160 tons, of which 4000 tons is 
silicon and 4700 tons is manganese steel. The 2000 ft of viaduct approaches 
contained 4150 tons of silicon and 350 tons of manganese steel. The allow- 
able unit stresses on the three materials, in kips per square inch, were: For 
carbon, 20; for silicon, 27; and for manganese steel, 33. The special 
manganese steel for this bridge was specified as shown in Table 15(e). 


Bripces—MovasitE Spans 


The Cape Cod Canal Railroad Lift Span, at Buzzards Bay, Massachusetts, 
the longest lift span on record, is 544 ft, center to center of piers. The 
lift span is composed of silicon steel, except the chords in the end panels 
(see Table 16). 


TABLE 16—Basic Dara—Movasie Brincges or Meprum Leneru 


4 n =o ary = eee > 5 
ag | $3 3 : falta 26 & 
aba | fox | oo, | tee ee eee nee 
sea | ABE | SS Fey rt Bea ia a Es 
8° | st8| B= | . | 82 | 38 | 8 | of 

Ace) 3g! 5 2g Q ao 
Description 2S ge é a gz 30 sae cE, 5 g 
Be as & be 82 so 2 ‘eB gs 
a0 3 s 
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BkO BAA yma | 8'e Bas 354 o-¥6) 
pa a ea ma Seen ee gaa | s 
sen _) end! % (2) (3) (4) (5) (6) (7) (8) (9) 
Gs tee oe aay eee Vertical | Vertical | Vertical | Vertical | Double- | Double- | Double- | Double- 
lift lift lift lift ;. ven Ram leaf deck/leaf deck 
4 se trusses | trusses 
Span length, in.feet* ...... 544 | 533.75 408.0 21 233 "369 . 
Weight Of Stool ie Tons: 5 i 198 221.231 269 224 264 
COM aie hate ee caine ay eile Pe 5 2510014 9. Apert tiers 
Carbon Fie.te sos ass fa Ce A Ee nee Rar scone aati Reles aed Pot 3 
NToKeL MUGS is oeieic | See EEEN | RES | ak See | eee 519°] 320 |. \h0s eee 
Width, in Wocts Red Ghee ee | area GR is e0 8 ee 
Center to center of trusses DCN erate le eh 20 45. i ceGice ull atts Saran It Berens 
Troma Waiy Wonched cto. WaboRe Ou ret tes: 3t 38 60 56 | | 38§) 
* Center to center of piers. t Tracks. ¢ Center to center of trunnions. § Two each, 


The Burlington-Bristol Lift Span over the Delaware River is 533 ft 9 in. 
long. Light weight was obtained in this structure by the liberal use of silicon 
steel and a special light-weight floor. It was estimated that each pound added 
to the floor meant an additional cost of 12 cents in the trusses, towers, etc. 

The 408-ft railway lift span, at Boonville, Mo., which carries the Missouri 
Kansas, and Texas Railroad, was designed for E-70 loading. 
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The Hackensack River Crossing of the Delaware, Lackawanna, and Western 
Railroad, is a lift span 198 ft long. The maximum lift is 95 ft. To reduce 
the lifted load, an open deck was used, with silicon steel for the trusses and 
floor-beams. < 

The West Madison Street Bridge, in Chicago, IIl., is a double-leaf bascule. 
A total of 519 tons of nickel steel was used in the trusses and floor-beams. 

The North Wabash Avenue Bridge, in Chicago, is a double-leaf trunnion 
bascule. In the trusses, 329 tons of nickel steel were used. 

The South Harlem Avenue Bridge, in Chicago, is a double-leaf deck- 
riveted truss span, 224 ft, center to center of trunnions, and carries a 56-ft 
roadway and two 8-ft sidewalks. In the trusses, counterweight boxes, and 
two floor-beams, 812 tons of silicon steel were used. 

The Outer Drive Bridge, in Chicago, is a double-leaf deck-riveted truss, 
964 ft, center to center of trunnions, and carries two 38-ft roadways and two 
14-ft sidewalks. The trusses and trunnion girders contain 1965 tons of 
silicon steel. 


RAILROAD BRIDGES 


The Bessemer and Lake Erie Railroad High Bridge, over the Allegheny 
River, consists of two double-track continuous truss bridges. Silicon steel 
was used for the stringers, floor-beams, jacking girders, and for the main 
‘members of the trusses, except that the tension top chords over the piers were 
heat-treated eye-bars. The total weight of steel was 10000 tons, of which 
54% was silicon. 

The three-span continuous truss bridge for the Chesapeake and Ohio Rail- 
road, at Cincinnati, Ohio, is a double-track railroad bridge, 1575 ft long. 
The center span is 675 ft and two side spans are 450 ft long. Silicon steel 
was used throughout at a unit stress of 24 kips per sq in. The resultant sav- 
ing in steel weight was approximately 19% of the weight of a similar struc- 
ture built of carbon steel using a unit stress of 18 kips per sq in. The de- 
creased weight due to the use of silicon steel was particularly advantageous 
from an erection standpoint. 

The railroad bridge across the Tanana River, for the Alaska Railroad, has 
a main span 700 ft long and 600 ft of plate-girder approaches. The live load 
was E-50. The item of freight was large and made the use of alloy steels 
attractive. Nickel-steel eye-bars were used on the 700-ft span, and silicon 
steel was used for all main members, the floor system, pins, and large detail 
parts. Silicon steel was also used for the flange angles of the 60-ft plate 
girders in the approaches. 

The Atchison, Topeka and Santa Fé Railroad High Level Bridge, over 
the Illinois River, near Chillicothe, Tll., is a double-track structure, 1696 ft 
long, consisting of a 400-ft and a 470-ft two-span continuous deck truss; a 
440-ft through truss span; a 235-ft deck span; and two 68-ft plate-girder spans. 
The design live load was E-70. Silicon steel was used for all chords and 
main diagonal members, with carbon unit stresses increased 50% for tension 
and 40% for compression. 
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The Martinez-Benicia Bridge across Suisan Bay, in California, is a double- 
track railroad bridge, 5 600 ft long, built for the Southern Pacific Company. 
It consists of a 328-ft vertical lift span; seven through truss spans, 526 
ft long; one deck span, 504 ft, and one deck span, 264 ft long; and a 780-ft 
approach viaduct. It was designed for E-90 loading, with unit stresses one- 
third higher than the standard. Silicon steel was used for the main members, 
except in the bottom chords where heat-treated eye-bars were used. The 
total weight of steel was 22000 tons, of which 12500 tons was silicon and 
2750 tons, heat-treated eye-bars. 

The main river crossing of the Louisville and Nashville Railroad Bridge, 
over the Ohio River, at Henderson, Ky., consists of a double-track simple 
span, 670 ft long, and four double-track simple spans, 500 ft long. Silicon 
steel was used for the trusses, stringers, and floor-beams. The 670-ft simple 
span has a dead load of 14 kips per lin ft, and the total weight of steel in 
this span is 4550 tons, of which 4200 tons is silicon. The trusses are about 
80% of the total weight of the span. The 500-ft simple spans weigh 2 500 tons 
each, of which 2200 tons is silicon, and the trusses are about 67% of the 
total weight. 

The Huey P. Long Bridge, over the Mississippi River, at New Orleans, La., 
is a combined double-track railroad and highway bridge (with one 18-ft 
roadway on each side). In the main spans and approaches 31000 tons of 
silicon, steel was used. The 1850-ft cantilever bridge and the five simple truss 
spans have a total weight of 20000 tons, of which 11000 tons are silicon steel 
and 1400 tons, heat-treated eye-bars. The trusses, except minor members, are 
of silicon steel and heat-treated eye-bars. The railroad stringers and floor- 
beams are silicon, whereas the highway portion and the bracing are carbon. 
(For full-sized tests of heat-treated eye-bars for this bridge, see Table 15(f)). 


Hicuway Brinces 


‘The highway bridge over the Ohio River, at Louisville, Ky., consists of 
two 1870-ft cantilever bridges, each composed of one anchor arm of 362 ft, 
one anchor arm of 500 ft, two 224-ft cantilever arms, and a 373-ft suspended 
span. It is 43 ft center to center of trusses and has two 6-ft sidewalks. The 
total weight of steel is 18 460 tons, of which 5140 tons are silicon and 1180 
tons are heat-treated eye-bars. 

A part of the Tri-Borough Bridge, at New York, N. Y., is a highway sus- 
pension bridge, having a 13880-ft span and two 705-ft side spans. The 270-ft 
towers are of the fixed-base flexible type, having main columns of silicon steel 
with carbon-steel bracing. The stiffening truss chords are silicon steel, and 
the diagonals are carbon steel. The 96-ft floor-beams are of silicon. The total 
weight of silicon steel on the bridge is 15000 tons. Each of the cables 
(20.63 in. in diameter) has 37 strands of 248 wires, 0.196 in. in diameter, and 
a total area of 277 sq in. 

The Mount Hope (Providence, R. I.) Wire Cable Suspension Bridge has 
a 1200-ft main span and two 504-ft side spans. The chords of the stiffening 
trusses are of silicon steel with working stresses of 34 kips per sq in, in tension 


a’ 
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and 28 kips per sq in. in compression. The material in the two 11-in. cables, 
is the same as for the Ambassador Bridge, previously cited. 

The main structure of the cantilever highway bridge across Carquinez 
Strait, in California, is 3350 ft long and consists of two 1100-ft main spans, 
a 150-ft central tower, and two 500-ft anchor arms. Silicon steel was used for 
the main material of the towers, and for the compression members and the 
built tension members of the trusses. Heat-treated eye-bars having an ulti- 
mate strength of 80 kips per sq. in. and a minimum yield point stress of 50 
kips per sq in., were used for the principal tension members. The total weight 
of steel in the main bridge is 11400 tons, of which 5 400 tons is silicon and 
1370 tons, heat-treated eye-bars. 

The eye-bar cable suspension bridge, at Florianopolis, Brazil, has a main 
span of 1113 ft 9 in., and carries a 28-ft roadway. In this bridge a part of 
the cable, which is composed of heat-treated eye-bars, acts as the center part 
of the top chord of the stiffening truss. The heat-treated eye-bars were speci- 
fied to have a minimum ultimate strength of 105 kips per sq in., a minimum 
yield point stress of 75 kips per sq. in., and an elongation of 5% in 18 ft. 

The eye-bar suspension bridges over the Ohio River, at Point Pleasant and 
St. Marys, W. Va., have a 700-ft main span and two 380-ft side spans and carry 
a 22-ft roadway and one 5-ft sidewalk. These bridges. are similar to the Flori- 
anopolis Bridge, except that in addition to the eye-bars replacing the twelve 
center panels (of twenty-eight panels) in the main span, they replace the 
first seven panels from the cable bent (of fifteen panels) in the side spans. 
The physical characteristics of the special heat-treated eye-bars in this 
bridge are given in Table 15(g). 

The self-anchored, chain, suspension type of bridge was used on the 6th, 
"th, and 9th Street Bridges over the Allegheny River, at Pittsburgh, Pa. The 
center span is 442 ft long, with two side spans of 221 ft. Each chain was 
made of eight and nine eye-bars alternating with a maximum section of 230 
sq in. These eye-bars were heat-treated to a minimum yield point stress of 
50 kips per sq in. and an ultimate strength of 80 kips per sq in. 

The Waldo-Hancock Bridge, in Maine, is cited as an example of the 
twisted-wire strand cable, suspension bridge. It has a main span of 800 ft, 
and two side spans of 350 ft. Each 98-in. cable consists of 87 strands of 1%-in. 
wire rope. The ultimate strength per strand is 216 kips and each strand was 
pre-stressed to one-half this amount. The modulus of elasticity, after pre- 
stressing, was 26 600 000 lb per sq. in. 


Burpinas 


Special steels have not been used extensively in tier buildings. In one of 
the buildings of Radio City, in New York, N. Y., silicon steel was used in a 
part of four columns in order to reduce the size. 

The Tower Building for the Cleveland Terminal Company, in Cleveland, 
Ohio, is a 52-story building, being about 300 by 947 ft for 16 stories, and then 
a set-back tower, 489 ft high, has a base that is 98 by 98 ft. The total weight 
of steel was 16 850 tons, of which 4610 tons was silicon. 
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The hangar built for the Goodyear Zeppelin Corporation at Akron, Ohio, 
is 325 ft wide by 1184 ft long (“out-to-out” of doors) by 180 ft clear height, 
having eleven lattice arches spaced on 80-ft centers and two diagonal half 
arches at each end. Silicon steel was used for the main arch ribs only. Of 
the total weight of 7210 tons, 628 tons is silicon. 

In the Richmond Power Station, at Philadelphia, Pa., there are 10000 
tons of steel in the switch house, turbine hall, and boiler house, of which 
8 000 tons is silicon. Silicon steel was used for all the principal members of 
the main building framework, except the framing of the turbine hall roof. 
Tests from sixty-five heats are listed in Table 15(h). 

The United States Post Office Building, in Philadelphia, Pa., covers an 
area of 380 by 460 ft, and has five floors and a roof. The total weight of steel 
is 17 700 tons, of which 1740 tons is silicon. Silicon steel was introduced in 
this building when two hundred and fifty-two 36-in. silicon beams without 
cover-plates were substituted for carbon beams with cover-plates. 

The addition to the Post Office Building, at Washington, D. C., is an 
irregular-shaped structure (width, 230 to 120 ft; and length, 418 to 368 ft; 
height, six floors and roof). The total weight is 7180 tons, of which 2975 
tons is silicon. Silicon steel was used for the heavy plate girders, the double 
girders, part of the column slabs, part of the floor-beams (usually 24 in. and 
deeper) and about 62% of the trusses and columns. 


SpeciAL STRUCTURES IN WHICH TRANSPORTATION OR OTHER Costs ARE Factors 
IN Maxine tHE Uses or SpeciaL STEELS EconomMicaL 


One of the best examples is the steel derrick used in the erection of steel 
bridges. The additional cost of the special steel is more than compensated for 
in three ways: First, the saving in weight reduces transportation costs as the 
derrick is shipped to and from the tool house to the bridge sites; second, 
the larger capacity; and third, the saving in weight in the steel of the bridges 
due to smaller erection stresses. 

Silicon steel derricks were designed for use on the San Francisco-Oakland 
Bay Bridge. With a 103-ft mast and an 85-ft boom, one of these derricks 
weighed about 32 tons and made lifts of 59 tons. A similar carbon steel guy 
derrick weighs about 34 tons and has a lifting capacity of 46 tons. For 
slightly less weight a silicon steel derrick will lift about 40% more load. 

The traveling crane is another type of special structure in which saving 
in weight, due to the use of high tensile steels, more than pays for the addi- 
tional cost, because power consumption is reduced. The writer knows of 
three mill types of cranes, 120-ft span, which have a 40-ton main hoist and a 
15-ton auxiliary hoist. The main girders are riveted plate girders, A reduc- 
tion in weight of 40000 lb is due to the use of manganese steel. It was 
necessary to deepen the girders 1 ft (compensating for the higher unit stresses 
on a material having the same modulus of elasticity as the carbon steel) in 
order to keep the deflection the same as for the carbon-steel cranes. It is 


generally not economical to use special steel unless the crane span is more 
than 100 ft. 
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The single-track railroad viaduct of the Pittsburgh and West Virginia 
Railway Company near Banning, Pa., was being built on a new line, so that 
additional erection equipment could not be readily sent to the field. In 
this viaduct there were two 120-ft carbon. steel plate girders, weighing 65 
tons each, the weight and reach of which were beyond the capacity of the 
erection derrick. Permission was obtained to design the girders for the use 
of silicon steel. The silicon girders weighed 53 tons each and could be 
handled by the derrick. 

Alloy steels are seldom used in mill building, but in the Open-Hearth 
Building for the National Tube Company, at McKeesport, Pa., some of the 
erane girders were 115 ft long. The type of erection rig used to construct 
mill buildings does not have the capacity to handle long heavy girders. The 
girders, in this case, were designed for silicon steel, thus reducing the weight 
to 93 tons which could be handled by two locomotive cranes. 

Bridges in the United States have been growing longer and heavier, and 
with this growth have come increased stresses and larger field rivets. Because 
of the stiffer material and more thicknesses it is becoming increasingly 
dificult to draw connecting members tight for proper rivet driving. The 
erectors find it necessary to use pneumatic tools to tighten fitting-up bolts, 
which strip the thread or break the ordinary carbon-steel bolt. Manganese 
steel fitting-up bolts which are now used extensively, obviate this difficulty 
and can be utilized over and over again. Even the hand wrenches are being 
made of manganese steel. The specifications for this material are given in 
Table 15(2). 

All bars forming grills for the tunnel intake for the New Kenawha Power 
Company, at Hawks Nest, W. Va., were special Cromansil steel welded to 
the main frame of carbon steel. It is of interest to note the latitude of the 
specifications (see Table 15(4). 

A great variety of special forging steels and a considerable tonnage of 
stainless steel are used in the movable dams constructed for the Federal 
Government. Abrasion-resisting steel is also used in the structural steel work 
of chutes for the U. 8. Coke and Coal Company. 

Copper-bearing steel is coming into more general use on account of its 
corrosion-resisting properties. In some cases, particularly for the Louisville and 
Nashville Railroad Company, it is specified for steel in the floor of bridges 
and other parts likely to be affected by brine from retrigerator cars. In many 
cases, such as the San Francisco-Oakland Bay Bridge, it is specified for all 
parts of the structure. A minimum of 0.20% copper is usually specified. 

Wire rope is used not only for main cables and hangers on suspension 
bridges, but also for hangers on several riveted bridges, such as the Bayonne, 
N. J., Bridge and the West End-North Side Bridge, in Pittsburgh, Pa. It 
is also used for counterweight and operating ropes on lift bridges. 

Tt has recently become necessary, in certain work, to design and detail 
structural steel so that it can be transported by airplane. The usual require- 
ments are that the weight of a piece shall not exceed 2.000 lb and that the 
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piece can be loaded through a 3 by 7-ft door. The advantage of the saving 
in weight which is offered by the use of special steels, is apparent in such 
cases. 


SHop Practice ror SPECIAL STRUCTURAL STEELS 


The fabrication of special steels has brought new problems to the shops 
because equipment was designed and powered for handling carbon steel. The 
equipment or capacity to fabricate the high tensile steels varies with each 
individual plant. The following discussion of shop practice is based on the 
typical or general equipment, and it must be realized that each plant may have 
some one tool with more power or capacity. 

Cambered plates in heavy gages cannot be straightened with straightening 
rolls or in a press. Camber is removed from the large thick plates by planing 
the edges. The strength of high tensile steels is such that the usual fabricator 
is not equipped to straighten it as he would straighten rolled carbon steel. 
Efforts to cold-straighten heavy plates (# in. and more) have produced badly 
cracked edges. One large fabricator prefers to divide plate thicknesses greater 
than { in. into two thinner plates stitch-riveted together. 

Some plates, 14 in. and more in thickness, cracked at the sheared ends 
when an attempt was made to flatten a slight shear bow by passing the plates 
through cold rolls. This bow was caused by the pressure of the movable 
shear blade on the outer ends of the plates where they were not supported 
by the fixed blade or die. The difficulty was overcome by planing 4 in. from 
sheared ends and straightening the plates in the press. Subsequently, the 
bowing was avoided by turning the plates around so that in cutting both ends, 
the main body of the plate rested on the die of the shear. 

As piping is deeper in silicon ingots than in carbon steel, angles should be 
ordered long enough for a preliminary shearing (or milling) at each end, in 
search of pipes. 

It has been reported that the silicon plates for the towers of the Golden 
Gate Bridge were sub-punched with fewer punches broken than the plates for 
the towers of the Philadelphia-Camden Bridge. The records show that the 
average of the latter was as given in Table 15(k), whereas, the former, at 
the time the report was made, was as shown in Table 15(1). 

A test has been devised which records on an indicator card the force of the 
punch, simultaneously with its penetration into the plate. Other tests have 
been made on power input required to drill and plane. Plates were used 
which had passed silicon steel acceptance tests and were of about the same 
strength. One analysis was: Carbon, 0.26%; manganese, 0.84%; and silicon, 
0.27%; and the other was: Carbon, 0.35%; manganese, 0.84%; and sili- 
con, 0.25 per cent. The former punched with 10% less maximum pressure than 
the latter. In drilling and planing, the difference was nearly the same, and 
in the same direction. 

In 1929, a group of twenty-four types of high tensile stecls in various 
structural shapes were studied to determine which of the different grades 
could be fabricated successfully with the present bridge shop tools. As 
described in Table 15(m), all these steels were in the manganese-silicon 
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group and represented various combinations of these elements with carbon. 
In addition, there were a few sections containing about 2% nickel. The sec- 
tions included 4-in. and 1-in. plates, 8 by 8 by }-angles, 12-in., 40.8 lb I-beams, 
and 14-in., 425-lb C-beams. These sections were subjected to various bridge 
shop operations which included punching, drilling, reaming, milling, planing, 
and coping, with the results noted in Table 17. Test coupons were cut from 


each item and tensile, bending, and hardness tests were made (see Table 
15(m)). 


TABLE 17.—Fasrication or Hich Srrencta StructuraL STEELS WITH 
Present SuHop Too.s 
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@ Considered impracticable; too difficult. ? Satisfactory at speeds and feeds slightly 
less than those required for silicon steel. ¢ Not quite as unsatisfactory as Item No. 28. 
2 he shock to the punching machine was terrible. ° Satisfactory at speeds less than 
Item No, 31. t Similar to Item No. 36. ¥% Fair results. 4 Flanges split. + Practical at 
very low speeds. 

In this general discussion, it should be recognized that two steels of the 
same ultimate strengths do not necessarily possess the same ease of fabrication, 
and that with the newer steels, current knowledge of this phase is quite 
incomplete. 

Shearing—Shears have been rated and powered for carbon steel, and it is 
not practical to reduce the speed. Consequently, with the higher tensile steels 
the capacity is correspondingly reduced. For silicon and manganese 
steels the shears are rated at approximately 75% capacity; for example, a 
large shear is rated to shear a carbon-steel plate, 1 in. thick by 100 in. wide. 
This same shear will safely shear a silicon plate, 2 in. thick by 100 in. 
wide. The shear blades are not changed for the alloy steels, since the blades 
used for carbon steel are the hardest obtainable. 

Punching—The old “rule of thumb” for punching carbon steel was that 
the material should not be thicker than the size of the hole to be punched. 
With silicon steel and manganese steel, whether sub-punching or full-sized 


punching, and regardless of whether the holes are {% in. in diameter, or larger. 
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the shop prefers a maximum thickness of } in., whereas for nickel steel the 
preferred maximum is 3 in. Heavier material than this puts too great a 
strain on the machines. When punching alloy steels, the speed of the punches 
is usually reduced about 25 per cent. 

It is a recognized fact that, with variations in composition, alloy steels 
may vary in hardness, and that some melts punch more easily than others. 
Where the specifications permit full-size punching, the shop will try to 
punch silicon and manganese to a maximum thickness of § in. and nickel 
steel to a maximum of ;; in. If the metal is too hard, as shown by the break- 
ing of the punches or the strain on the machine, the holes will be drilled. 

Because of the excessive breaking of the punches due to the harder alloy 
steels they have been re-designed. Larger fillets are used where the section 
of the punch changes radically. The stress concentration at this point was 
accountable for 50% of the punch breakage. 

It is desirable to maintain scrupulously, or if possible exceed, the edge 
distance (and rivet-center distances) ordinarily specified. With 1-in. rivets, 
no angles with legs less than 4 in. should be used in the design. 

One of the items that causes additional punching costs is the special 
handling due to punching holes of two sizes in the same plate because sizes of 
shop and field rivets are not properly proportioned, or the amount of reaming 
varies for shop and field rivets. 


TABLE 18.—Drituina SpreEeps 
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Drilling trom the Solid—With the harder alloy steels drilling from 
the solid is a matter of speed and feed. Thickness is not a factor unless the 
vlates are stacked. The shop practice of sub-drilling, assembling the member, 
and reaming holes to size, or of assembling the member and drilling holes full 
sized, varies with the fabricating plants and also varies in an individual shop; 
it is determined by the types of work being fabricated. 


The reduction in speed of the machines when drilling special steel can be 
seen from the report of plants as shown in Table 18. 
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The drilling of alloy steels requires more grinding of drills, which also 
entails the added cost of changing the drills more often. One plant reports 
that, in comparison with ordinary carbon steel, drills used in silicon and 
manganese steels must be ground somewhat more often, and those used in 
nickel steel, twice as often. One plant reports on nickel-steel bridge chords 
(in which the number of holes to be drilled per member averaged 539, with 
a thickness of 23 in.) that the best record on one chord required the drills 
to be changed fifty-five times, whereas on one chord the drills had to be 
changed ninety-seven times. For comparison purposes, they estimated that 
on a similar chord of carbon steel they would have required eight jto ten 
drill changes. 

The feed of drilling varies with the different alloy steels and even on one 
piece of angle or plate, and can only be stated as being less than for carbon 
steel. 

Reaming—Reaming of holes is more universally specified for alloy steels 
than for carbon steels. It will be noted from Table 18 (a report on the 
reduced speeds necessary with special steels) that the reduction is not a3 
marked as noted for drilling. 

Milling —Planing speeds for silicon, manganese, and nickel steels are 
generally reduced about 25%, and the feeds are changed to suit the particular 
hardness of each metal. It is difficult to get a smooth finish on these alloy 
steels on account of the tool wear. 

Chipping—The increased difficulty of chipping silicon and manganese 
steels may be covered by stating that the speed is reduced about 25 per cent. 
Nickel steel is extremely difficult to chip under any conditions and depends 
on previous treatment, whether sheared or cold sawed; if cold sawed, it is 
almost impossible to chip, and may require pre-heating. 

Flame Cutting—Flame cutting of carbon steel of structural grades leaves 
a perfectly ductile edge for milling or chipping. If silicon steel is flame cut 
the edge is air-hardened, and it is difficult to edge-plane or mill. However, a 
milling cut of ,%; in. will remove all trace of damage. The portion affected 
by the flame varies in hardness and although the piece usually can be edge- 
planed without serious difficulty after a cutting torch is used near the surface 
to be planed, it is sometimes necessary to pre-heat it. Manganese and nickel 
steels offer more difficulty. If either is flame cut, it cannot be planed 
(without special treatment that is not practical). 

Experiments with a special portable heat-treating and flame-cutting 
machine indicate the possibilities of flame cutting some of the alloy steels 
(the standard nickel, manganese, and silicon types), leaving an edge of sufii- 
cient ductility for further shop operations. The results of the bend tests 
and drift tests indicate that the process will meet any required specifications. 

Bending.—In discussing alloy steels it is usually stated that the radius 
required to bend a plate cold depends upon the thickness of the plate, as 
expressed by: 


in which r = the radius of bend; C = a coefficient; and d = depth, or 
thickness of the plate. 


* 
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The writer has noted, in various’ papers, that, for plates with d = } in, 
or less, C = 2 for Cor-Ten; 2.5 for Man-Ten; and 3.0 for Cromansil. 

The radius required for bending a plate cold should vary with the kind of 
steel, the thickness of the plate, and the angle of bend. Table 19, which 


TABLE 19.—Mismum Ranu, 7, in Incues, ror Benpinc PiatTes AnpD ANGLES 


See eee 
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illustrates these variables gives the minimum radii required for bending 
silicon and nickel-steel plates. These radii are to be used when the bend is 
transverse to the plate. When the bend is longitudinal (that is, when the 
‘bend line is parallel to the direction of rolling the plate) these radii should 
be increased slightly. 

Assembling—The increased stiffness of the special steels makes it more 
difficult for the fitting-up bolts to draw the steel together into perfect contact, 
but this close contact is necessary for the driving of satisfactory rivets. The 
smallest fitting-up bolts which the shop should use are 3 in. in diameter. 
This means that the minimum diameter of the holes should be 4% in. 
Where sub-punched and reamed work is specified, the minimum shop rivet 
should be 1 in. in diameter. The increasing use of alloy steels and the diffi- 
culties of fitting up properly have necessitated the use of stronger fitting-up 
bolts, and the fabricating plants are beginning to make them of manganese 
steel. One plant now uses 100% manganese bolts for all bridge work. 

Rivets——The manufacture of carbon-steel rivets and their use in fabricated 
steel structures has become standardized. The need for a rivet of higher 
strength to match the special steels was recognized. WNickel-steel rivets with 
a nickel content of 3 to 34% have been used on a few structures, but have 
been so invariably unsatisfactory from every standpoint that they should not 
be specified for any structural steel work. However, tests have been made on 
rivets that meet Steel Specification No. 2115 of the Society of Automotive 
Engineers (carbon, 0.10 to 0.20%; manganese, 0.30 to 0.60%; silicon, 0.15 to 
0.30%; and, nickel, 1.25 to 1.75%) which indicate that this grade is suitable 
for hot riveting and will develop a shearing strength comparable to that of 
other high-strength rivets in use to-day. Whereas silicon steel is admittedly 
not a forging steel and not satisfactory for rivet material, manganese steel 


ry 
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has been found to be satisfactory both for manufacturing and driving. Ship- 
builders have found that manganese steel makes a good high-strength riveting 
material. They have used it in large quantities and have had considerable 
research work done to establish the best chemical composition. 

A large number of manganese rivets was used on the Bayonne Bridge (see 
Table 15(e), Item No. 2). The maximum rivet was 1} in. in diameter by 104 in. 
long. The rivets were tapered if the length was five or more times the 
nominal diameter. Later experiments indicated that this rivet material was 
a little too hard, and a more satisfactory material has been developed (see 
Table 15(d)). For the San Francisco-Oakland Bay Bridge the largest 
manganese rivets were 1} in. in diameter by 104 in. long, 14 in. in diameter 
by 94 in. long, and 1 in. in diameter by 63 in. long. These rivets were tapered 
the same as for the Bayonne Bridge. 

The driving technique for manganese rivets differs considerably from that 
for carbon rivets. The more important differences are: (1) Manganese rivets 
must be more carefully heated; (2) they are more easily burned than ordinary 
rivets; (3) the range of temperature is small between a proper driving heat 
and a burning heat; (4) more time is required in driving than for ordinary 
rivets; (5) the cost of driving is estimated at 10% greater; (6) it is necessary 
to burn off the heads before backing condemned rivets out; (7) it costs about 
twice as much per rivet to remove them; and (8) with the proper attention 
to heating and driving there will be no more cut-outs than for ordinary rivets. 
There is a need for a standard specification for high-strength structural rivets. 

The action of riveted joints is a controversial subject and some criticism 
of manganese rivets has been offered because the tests show that they have 
an initial slip at lower values than carbon rivets. However, the point should 
be brought out that the factor of safety is not based on the initial slip value, 
but on the relation of the working stresses of the material and details, such 
as rivets, to the yield points, and upon the actions of these materials under 
laboratory tests and actual use, when stressed between these limits. Tests 
made for the Bayonne Bridge showed that carbon rivets averaged from 
0.004 in. to 0.008 in. more slip than the manganese rivets. Other tests have 
shown a contrary result. 

In order to maintain the factor of safety for the structure, the rivet factor 
must be maintained on an equal basis with the main material between the 
working stress and up to the yield point. Taking an average of all available 
tests, it seems fair to state that the slip for manganese and carbon rivets will 
be of approximately equal magnitude through the range of stress in which the 
designer is interested. At ultimate values the manganese rivets have a 
larger factor of safety than carbon rivets. 

~ In 1906, tests of nickel and chromium steels were reported at the Univer- 
sity of Illinois” with the following conclusions: 

(a) The ultimate shearing strength of rivet joints depends on the shearing 
strength of rivet material, and this is influenced by the relative hardness of 
rivets and plates; 


ae ET 7nki PEL ORANGE OR Univi’ of i, 
7” ‘“Tegts of Nickel-Steel Riveted Joints’, Bulletin, Vol. 8, No. 26, Univ. of INinois. 
Urbana, Ill. 
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(b) The ratio of the yield point stress in riveted joints to ultimate shearing 
strength of riveted joints is about the same as the ratio of the yield point 
stresses of plates in tension to the ultimate strength of the plate. 

(c) In riveted joints designed on the basis of ultimate strength, the 
strength of the rivet material and of the plate material is of prime importance, 
and use of special steels of great strength may be of advantage. 

(d) In riveted joints designed on the basis of the frictional hold of rivets 
there is little advantage in using rivets of special steel since joints with such 
rivets show about the same resistance to first noticeable slip as joints with 
ordinary carbon rivets; and, 

(e) There was a noticeable slip of the joint, generally, at loads within the 
ordinary working shearing stress of rivets. 


Tests by Commander E. L. Gayhart®, U. S. N., were made on high-strength 
steels and rivets. He stated that joints fabricated with high tensile steel 
showed resistance to slip greatly inferior to that shown by medium steel— 
values so low that it appears doubtful whether any great part of the load could 
be considered as carried by frictional forces. In terms of single shear stress, 
according to Commander Gayhart, the stress in the rivet at which the first slip 
occurs is so much less than customary design shear stresses, and is so greatly 
affected by the number of rivets in the joint, that it does not appear desirable 
to design riveted joint construction on the basis of frictional resistance but 
rather by the commonly used method of proportioning on shearing and bearing. 

As the designer depends on the bearing of the rivet on the plate to carry 
the stress, there is no advantage in using high-strength rivet steel in carbon 
plates; for example, on the Bayonne Bridge a bearing value was used for the 
manganese rivets, of 45 kips per sq in., on manganese plates; 40 kips per sq 
in. on silicon plates; and 30 kips per sq in. on carbon plates. As 30 kips 
per sq in. is also used on bearing carbon rivets on carbon plates, it is evident 
that the value of a manganese rivet and a carbon rivet in bearing on a carbon 
plate is the same. 

Welding.—The scope of this paper does not permit the introduction of 
very much material on the subject of welding for to the writer’s knowledge no 
structural steel bridges or buildings have been constructed in which the 
special steel was welded to carry stresses. However, considerable welding 
on special steels is being done in the plants. Pre-heating and annealing of 
large structural members is not practical; practically all the welding is done 
by the metallic are. 

Considerable confusion exists at present because there is no standard 
or definition stating what chemical or physical qualifications a steel must 
have in order to be classed as of weldable quality. The various steel com- 
panies list their special steels as those that can be welded, whereas the specifi- 
poncus of the American Society for Testing Materials do not list them as 

“An Investigation of the Behavior and of th 


Li Ultimate Strength of Ri 
Under Load’, by Commander BP. S i pay Mee ria © 
ter tous om Ba (1936), Gagpart, U. S. N., Proceedings, Soc. of Naval Archts. 
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Department is quoted as being definitely against the use of the silicon- 
manganese types of steels for welded stress-carrying members; and yet U. S. 
Navy Specification No. 48S 5e specifies (under high tensile steel of weldable 
quality) a steel with the characteristics listed in Table 15(n). 

Probably the most interesting point to be emphasized in the welding of 
special steels (for the purpose for which welding is used in structural shops) 
is that generally the ordinary soft steel, coated, welding rods are used rather 
than the special rods developed by various manufacturers. The technique 
required for the ordinary coated rods is much simpler, and the strength 
developed is more than ample for the fillet welds. 

Tension tests were made on full butt welds in manganese-steel plates using 
several of the special welding rods and all the welds developed more strength 
than the parent metal. However, many of the special steels are subject to 
“siy-hardening” or grain growth, so that if it is necessary to bend the steel, or 
if it is subject to bending stresses, the air-hardened surface must not be 
located on the tension side, unless the steel can be annealed, which is usually 
not practical for structural steel work. 

Welding of special steels in the fabricating shops has generally been con- 
fined to: (1) Tack welding for assembling; (2) fillet welding fillers for perma- 
nent work; and (3) some welding of silicon slabs for shoes, with special 
supervision. Covering this type of welding, it is stated” that in the fabrication 
of the towers for the Golden Gate Bridge, it was desired to tack-weld the 
shaft angles and the web-plates so that the full thickness could be drilled from 
the solid steel simultaneously, with no subsequent separation before riveting. 
The question was raised as to whether this tack-welding would embrittle the 
silicon steel harmfully, which was of the composition listed in Table 15(1). 
Specimens, therefore, were tack-welded, broken apart, and bent; other speci- 
mens were drilled and bent until cracks appeared around the drilled holes. 
The broken weld edges would bend farther than the drilled holes before 
cracks appeared. Other plates were tack-welded on the edges, drilled, riveted, 
and bent. The rivets sheared before any cracks appeared in the welds. rt 
was proved, therefore, that the tack-welding was not detrimental to the struc- 
ture in comparison with the other acceptable processes of fabrications. This 
was not intended to, and did not, touch on the question of welding for trans- 
mission of stress. 

Stress-strain data for the silicon steel used in the towers of the Golden 
Gate Bridge are listed in Table 20, the average chemical composition 
(previously discussed) being given in Table 15(1). Specifications for stand- 
ard mill tests required that the yield point, or the drop of the beam, should 
be equal to, or greater than, 45 kips per sq in. The proportional limit was 
defined as the point on the stress-strain curve at which the rate of deforma- 
tion is 50% greater than it is at the origin. 

Sketches of the test coupons, and their standard position in plates and 
angles, are shown in Fig. 33. These specimens were made about 0.505 sq in. 
in diameter, except for material 0.5 in. thick, or less; in the latter case the 
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TABLE 20.—Curck Trsts on Smicon Sree mv Towers, 
Gotpen Gate Bripce 
Unit Srresses, In Kies PER Modulus 
Square IncH of elasticity, 
Metal f F in millions 
Test ee oP peneeaeoe Baoan of pounds 
ttom in inches - F 
No. Be ingot* Yield tional Ultimate hig oe 
point pet engin (6) 
(1) (2) (3) 
(a) SHparnp Pxuatss (Sun Fie. 33 (a)) 
PTT Se as OE ERAN SEL EL ARTS LES OEE 
1 To 15/16 in. thick 53.5 48.5 94.4. 28.9 
1 Boston 15/16 in. thick 48.5 48.5 82.0 29.5 
2 Top 7/8 in. thick 55.0 55.0 90.3 29.2 
2 Bottom 15/16 in. thick 50.0 50.0 82.1 28.2 
3 Top 15/16 in. thick 61.3 51.3 89.9 27.4 
3 Bottom 7/8 in. thick 47.5 44.3 87.6 26.5 
4 Top 7/8 in. thick §2.2 50.9 93.0 28.7 
4 Bottom 7/8 in. thick 52.0 50.0 91.5 30.0 
5 Top 7/8 in, thick 45.0 41.2 87.0 28.4 
5 Bottom 7/8 in. thick 45.0 41.2 85.6 30.4 
6 Top 7/8 in. thick 50.0 48.8 87.4 29.9 
6 Bottom 7/8 in. thick 47.2 44.8 87.8 29.7 ; 
7 op 7/8 in. thick 57.5 53.7 97.1 30.2 
7 Bottom 7/8 in. thick 52.2 51.6 85.0 28.8 
8 Top 5/8 in, thick 51.3 51.3 88.2 29.5 
8 Bottom 15/16 in. thick 42.5 38.0 81.6 30.0 
9 op 13/16 in. thick 43.8 35.6 87.1 29.6 
9 Bottom 13/16 in. thick 42.6 37.5 83.9 28.0 
10 op 7/8 in. thick 51.3 42.5 95.1 28.4 
10 Bottom 1/2 in. thick 52.0 52.0 84.9 29.2 
11 Top 3/4 in. thick 47.2 44.8 83.4 28.3 
11 Bottom 3/4 in. thick 46.0 46.0 83.7 30.1 
(b) Untversat Mitt Puares (Sun Fie. 33 (a)) 
12 Top 15/16 in. thick 46.0 42.6 83.4 29.3 
ottom in, thic’ ; : f , 
12 Bott 15/16 in. thick 46.0 43.3 84.8 29.4 
op in. thic é : ; j 
13 ah 15/16 thick 49.7 46.9 88.6 29.3 
13 Bottom 15/16 in. thick 48.5 47.2 80.3 30.1 
14 Top 15/16 in. thick 43.8 35.0 86.4 28.1 
14 Bottom 1/2 in. thick 47.9 47.3 82.7 28.3 
15 Top 7/8 in. thick 47.1 43.6 84.3 30.2 
15 Bottom 7/8 in. thick 45.8 45.8 86.0 30.2 
16 op 7/8 in, thick 48.5 43.5 91.3 30.2 
16 Bottom 7/8 in. thick 47.1 42.6 85.3 29.8 
17 Top 5/8 in. thick 50.0 48.7 88.2 30.3 
17 Bottom 7/8 in. thick 47.2 43.4 88.4 30.9 
18 op 13/16 in. thick 51.0 41.2 93.4 31.2 
18 Bottom 3/4 in. thick (f) 39.2 88.8 30.1 
19 Top 3/4 in. thick 50.0 45.0 93.0 28.8 
19 Bottom 5/8 in. thick 46.4 42.8 81.6 27.5 
20 Top 5/8 in, thick 50.0 48.8 92.0 27.6 
20 Bottom 5/8 in, thick 47.5 45.1 85.3 26.9 
21 Top 5/8 in. thick 51.5 42.7 93.9 29.6 
21 Bottom 1/2 in, thick 50.8 41.2 87.6 31.8 
22 ‘op 1/2 in. thick 50.0 43.3 88.5 25.9 
22 Bottom 1/2 in. thick 50.0 41.0 86.8 26.7 
(c) Anais (Sun Fie. 33 (b)) 
ga nl Le SES Sah ee es ls WS et 
23 Top 8 by 8 by 5/8 (f) 34.0 86.6 2.0 
23 Bottom 8 by 8 by 7/8 42.5 36.6 82.8 33 
24 Top 8 by 8 by 5/8 46.3 37.5 87.8 33.4 
24 Bottom 8 by 8 by 7/8 48.5 48.1 87.4 29.1 
25 Top 8 by 8 by 5/8 t) 46.4 99.1 30.6 
25 Bottom 8 by 8 by 5/8 T) 45.0 96.5 31.4 
26 op 8 by 8 by 5/8 51.0 42.3 94.9 32.7 
26 Bottom 8 by 8 by 5/8 46.0 40.2 84.1 28.7 
27 Top 8 by 8 by 5/8 50.0 38.5 89.4 31.3 
27 Bottom 8 by 8 by 5/8 48.9 35.1 89.1 30.8 
28 op 8 by 8 by 5/8 43.8 33.4 82.1 30.5 
28 Bottom 8 by 8 by 5/8 45.0 30.9 82.1 31.3 
29 op 8 by 8 by 5/8 (#) 35.0 89.6 31.3 
29 Bottom 8 by 8 by 7/8 47.5 47.1 85.8 29/1 
30} op 6 by 6 by 11/16 (f) 37.3 39.9 29.0 
30 Bottom 6 by 6 by 11/16 (t) 36.3 84.8 32.4 
a op 6 by 6 by 11/16 ) 33.0 89.4 29.4 
31 Bottom 6 by 6 by 11/16 eh 36.1 88.7 29'6 
= a 


“fs 
tie 
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TABLE 20.—(Continued) 


Unit Srressss, In Kies Per Modulus 
Test Metal Square Ince of elasticity, 
Ne from top Dimensions, : in millions 
oO. or bottom in inches Propor- of pounds 
of ingot* Yield tional Ultimate Dems SES 
point limit strength inch 
(1) (2) (3) (4) (5) (6) 
(d) Fuats (Sun Fie. 33 (a)) 
32 Top 7 by 1/2 54.3 35.1 100.1 28.3 
32 Bottom 7 by 1/2 53.8 61.5 93.8 28.9 
1 Nie 5 Sa Se 5 1/2 by 7/8 54.7 3.5 91.8 30.5 
aCe MERE Y a sicths, 533} 5)% Wi / 4s were oe (t) 40.0 104.5 31.1 
lee a liwavene ieee’ BD! 3i/ Anh ise 57.5 56.6 93.0 29.3 
ed a acer or 2 cts cats © OiD¥o/ 4 eke mcteos 57.5 55.0 94.9 27.4 
Cea menets sirens casts. 5 6 by 5/8 52.6 50.7 96.8 29.3 
aren Meee Gs: f'-).0.8.014, abe os 3 1/2 by 5/8 57.6 56.4 91.3 29.3 
BOVE ae Metdviaie «6 jsceis-= 3 1/2 by 5/8 §2.5 61.3 85.7 31.3 
Ce Se ae 3 1/2 by 5/8 56.4 53.9 90.9 27.5 
i LO Ea cere aol cron We 54.8 54.8 93.3 29.4 
* Not necessarily from the same ingot in any test. ¢ Indefinite yield point. 


specimen was turned to the largest diameter possible. Stress-strain curves 
for a series of comparative tests of silicon and nickel steel used in the 
Delaware River Bridge are given in Fig. 34, the corresponding chemical and 
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physical characteristics for this series being listed in Table 15(0). Fig. 35 
illustrates the type of specimen tested in Table 15(0) and in Fig. 34. The 
letters, C', B, and A, indicate the location of coupons corresponding to Items 
Nos. 63, 64, and 65, respectively, in Fig. 34. 


Heat-Treatep Hye-Bars 


Heat-treated eye-bars are made in two grades: (1) Grade HT—high ten- 
sile strength (Table 15(f)); and (2) Grade HT Special—special high tensile 
strength (Table 15(g)). When acceptance of eye-bars depends on the results 
of full-sized tests, the standard requirements are as shown in Table 21. 
When chemical and physical properties are specified, the following standards 


TABLE 21.—Sprotrications Basen on Fuui-Sizep Trsts 


Description ; Grade HT* ee 
ie ee eS SS ee eee 
Tensile strength, minimum, in kips per square THIGH A aie picysteieie\ois els 80 105 
Yield point, minimum, in kips per square INCH Powe wt A ajc es. 50 75 
Percentage elongation in 18 ft., minimum........-...+-+-+eereees 8 5 


Ne ee 
ee ————— = 


* See Table 15 (f). { See Table 15(9). 
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Percentage of carbon....... 
Percentage of manganese... . 
Tensile strength, minimum, 

in kips per square inch... . 
Yield point, minimum...... 
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(a2) MACHINED SPECIMEN SPECIMENS 
Fie. 35.—STANDARD Trst SPECIMENS, DmLAWARE RIVER BRIDGE. 


All specifications for chemical and physical properties of specimen tests for 
the special high-tensile grade steel must be referred to the manufacturer of the 
eye-bars. The modulus of elasticity of all grades of eye-bars is approximately 
29 000 000 lb per sq in. 

Brinell tests for hardness are sometimes required on heat-treated bars. 
They are made to determine the uniformity of hardness throughout the length 
of the bar. These tests are for information only, and do not form a basis of 
acceptance. 

Method of Manufacture.—The process of making heat-treated eye-bars is, 
briefly, as follows: The head on one end of a bar is formed by repeating the 
operations of heating, upsetting, and rolling, until the correct proportions are 
attained. A hole is punched in the head while hot, somewhat smaller than the 
finished bored hole, and the bar is allowed to cool. . After cooling, the bar is 
sheared to the correct length, turned around, and a head is formed on the 
opposite end of the bar in the same manner as described previously. 

This process insures a quantity of metal adequate to form the head com- 
pletely. Excess metal is squeezed out between the dies on the two sides of 
the head and, later, is sheared off while hot. The rough edges on the sides 
of the head due to this shearing, are chipped smooth. 

Heat-treatment of high-tensile and special high-tensile eye-bars consists 
of heating, quenching, and tempering. After removal from the tempering 
furnace, the eye-bars are cooled in the air. The bars are straightened, and the 
pin-holes in the two heads are bored simultaneously. When Brinell tests are 
made, they are made just prior to boring. 

Full-Sized Tests—Orders for eye-bars customarily include a small percent- 
age (about 3) of full-sized test bars which are tested to destruction in a 
2.000-ton hydraulic horizontal testing machine. Test bars are selected from 
the finished bars except that those from bars too long for the testing machine 
are selected from the full-length bars after the heads on one end have been 
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formed. They are then cut, and the second head is formed to make the longest 
bars that can be tested. 

The maximum distance, from center to center of pin-holes, with the ram 
of the testing machine at the beginning of the stroke, is 42 ft 6 in. The 
minimum is 3 ft 9 in. The length of stroke is 8 ft. The desired maximum 
length of the test bar is 35 ft. 

Details of Eye-Bars—High-tensile and special high-tensile heat-treated 
eye-bars are made in widths of 10 to 16 in. and in lengths, from center to 
center of pin-holes, of from 72 ft 7 in. (maximum) to 13 ft 0 in. (minimum). 
The excess thickness of head over body is about 7s in. for Grade HT and } in. 
for Grade HT Special. The minimum ratio of pin diameter to width of bar 
should be 0.875 for Grade HT, and 0.93 for Grade HT Special eye- 
bars. The pin clearance should be 34 in. for Grade HT and ;4, in. for 
Grade HT Special. They can be made in sizes smaller than 10 in., but it is 
usually not economical to do so. Eye-bars more than 60 ft long are difficult 
to handle, and the cost of their manufacture is increased. 


ConcLusIons 


The use of special alloy steels has become increasingly prevalent, and is 
covering a wider range of structures as engineers are becoming more and more 
acquainted with its advantages. 
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EVOLUTION OF HIGH-STRENGTH STEELS USED 
IN STRUCTURAL ENGINEERING 
By LEON S. MolsseIFF®, M: Am. Soc. C. E. 


Synopsis 


The development which led to the use of higher strength steels for bridges 
in the United States is outlined in this paper. 

The rapid increase of population by natural growth and immigration 
and the industrialization of the country demanded transportation facilities 
for freight and men. Heavy trains required bridges of great strength, and 
crowded cities demanded structures with many tracks and wide roads. The 
wealth of the country and the growth of automotive transportation called 
for comfort and speed and led to the building of large bridges of long 
spans. Engineers, by the use of higher strength steel, were able to construct 
many great structures. The reasons governing the design of most large 
American bridges afford an excellent illustration of the evolution of the 
use of higher strength steels, and are related in detail. 

The practical advantages of higher strength steels are feasibility of 
construction and economy of cost. They are readily seen. The limitations 
of these steels are not quite so apparent. ‘They are discussed at length from 
their technical and practical aspects. 


INTRODUCTION 


During Man’s long struggle for existence with the forces of Nature he 
has acquired a mass of knowledge about phenomena around him and a number 
of ways of manipulating and forming the many materials among which he 

- found himself. Out of the want of Man grew his knowledge of Nature and 
his ability to appraise and apply the strength of materials. Under the 
incessant pressure of his surroundings he acquired tools and skill in handling 
them and rules and numbers for Nature’s behavior. In the course of time 
he learned that by applying these rules the same task could be done with 
less labor, at the same time, creating a better product; and thus labor began 
to be co-ordinated, rules pertaining to natural phenomena grew into science, 
and the planning and execution of work became engineering. 

In the course of this evolution, engineering became the application of 
scientific principles to meet the practical needs of Man in the best way, 
with the least expense of labor and materials. It is based on necessity and 
economy, which are two hard masters to please. At times, one or the 
other prevails, but necessity is the more compelling. 


82 Cons. Engr., New York, N. Y. 
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TRANSITION FROM Wroucut Iron To STEEL 


The meandering road of evolution is well illustrated by the changes 
that occurred during the transition from wrought iron to medium steel 
and from that to soft steel, in the United States and Central Europe. 

Building Construction—At about the beginning of the Twentieth Cen- 
tury steel came into use for frames and floors of multi-storied buildings. 
The growing demand for office buildings, hotels, and high-class apartment 
houses foretold the consumption of an enormous tonnage of steel for con- 
struction purposes. It became clear to the makers of steel that, although 
there would be a demand for large tonnage, there would also be a demand 
for a low-cost steel to compete with other building materials. It was realized 
that high strength and special qualities of steel were not required for this 
type of structure, which transmitted its loads directly to the foundations and 
which was not subject to impacts and reversals of stress. 

It was important, from the point of view of the consumer, that the 
fabricated steel should be bought at a low price and that it be dependable; 
and from that of the producer, it was important that it should be manu- 
factured in large tonnage without special precautions and manipulations 
and that it could be easily punched and fabricated. Above all, it was 
important that the fabricated product should be acceptable to the con- 
sumer and that there should be no rejections. This meant the avoidance 
of interruptions and the advantages of mass production. The demand, in 
the case of such relatively simple structures, was not for a steel of higher 
qualities developed like a race horse—highly nervous in behavior—to meet 
special requirements, but a dependable material that could stand abuse in 
fabrication—developed like a truck horse and possessing as little tempera- 
ment. This was achieved by abandoning the medium steel that had pre- 
vailed before that period for bridges and adopting a soft steel of an 
average tensile strength of 60 kips per sq in., and a yield point, then known 
as “elastic limit,” of one-half the tensile strength, as the standard material 
for engineering structures. To be more exact, the limitations for tensile 
strength were from 55 to 65 kips per sq in. 

Steel Manufacture—The demand at the beginning of the Twentieth Cen- 
tury for steel led to far-reaching re-organization of the steel manufacturing 
companies. A process of agglomeration set in; smaller mills were consoli- 
dated into large units, and in the process of co-ordination, many were 
abandoned in favor of enormous plants with capacity for large tonnage. 
Dispersed and competing fabricating companies were united in large groups 
which were more than able to compete with the remaining smaller inde- 
pendent organizations. 

It cannot be regarded as a mere coincidence that while such re-organiza- 
tion took place in the United States, a similar process was effected at the 
same time in Central Europe, especially in Germany. It is still Jess 
pace deat Mt Aue : te study of the advantages of 
mete re trone the maaitatactarers ‘re persia cleats 

re able to offer the market a uniform 
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and dependable steel at a reasonable cost and a wide confidence in the 
product was created. In fact, in rare instances only did the consumer 
exercise his right of inspection at the mills and shops; the material was 
accepted on the Manufacturers’ Certificate. Time has shown that, in 
general, the development was in the right direction and that the confidence 
in the product was justified. 

Transportation—The rapid growth of the United States and the great 
development of its industries brought with it enormous demands for trans- 
portation facilities for freight and men. One has but to consider that 
during the fifty years from 1880 to 1930 more than 27000000 people immi- 
grated into the United States and that, in the same period, the total 
population of the country increased from 50000000 to 123 000 000, to realize 
the tremendous impetus given to transportation. The revenue of the rail- 
roads increased 64% in the first decade of the century and in the first two 
decades it increased three and one-half times. The growth of commerce 
and industry produced a demand for transporting the increased tonnage 
of freight and the greater number of passengers created by the new con- 
ditions. This demand was met by the double-tracking of existing railroads 
and by the use of longer trains and more heavily loaded cars, which 
required heavier locomotives with greater axle loads. By about 1900 the 
heaviest axle loading specified for railroad bridges was 43 000 lb; the weight 
of one engine and tender was 145 tons and the load following it 4.2 kips 
per lin ft. The 1935 Specifications for Steel Railway Bridges of the 
American Railway Engineering Association call for an axle loading of 
72 kips per lin ft, followed by a uniform load of 7.2 kips per lin ft. The 
weight of one locomotive and tender is 256 tons. The increase in axle load 
is two-thirds and that in the engine, three-fourths. The comparison of 
these specified figures illustrates vividly the growth in the live load of modern 
railroad bridges. 

Bridge Construction —The double-tracking of railroads brought with it 
the building of new bridges for heavier loads. At the same time, the 
increase in revenue-producing freight and passenger trafic made it finan- 
cially worth while, in some instances, to extend railroad lines and to bridge 
wider rivers, and, in other instances, to shorten routes and reduce grades. 
All these effects of the growth of railroads called for stronger and longer 
bridges. LoiaealsTgT 

The larger number of railroad bridges of the period were built of the 
new standard soft steel of a tensile strength of 55 to 65 kips per sq in. It 
was then known as the “railroad bridge grade” of steel. Whenever bridge 
engineers desired a higher grade for their bridges (largely because they 
felt that the severe strains and impacts to which the bridges were subjected 
justified a stronger steel) the mills rolled a special grade of a tensile 
strength of 60 to 70 kips per sq in., and a yield point of one-half that of 
the ultimate strength. The proximity of the tolerance limits of this steel 
to the standard steel being 5 kips apart, permitted overlapping and gave 
the mills a chance to use the higher melts of the standard steel for the 


special steel. 
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DemAnp For HicH-StrenctH STEEL 


Some bridge engineers, however, were not satisfied with the two grades 
of steel offered by the manufacturers and insisted on a higher grade of 
material for their bridges. They specified a steel of a tensile strength 
of 62 to 72 kips per sq in., and a minimum yield point of 35 kips per sq in. 
The steel industry looked with scant favor on specifications which called 
for material different from the standard product. The demands of the 
engineers were not always readily met and their path was not “strewn with 
roses.” In spite of discouragement, individual engineers adhered to their 
demands, and a number of larger bridges were built of this higher strength 
steel. Finally, it became quite usual for engineers to ask for a special 
carbon steel for more important bridges. 

It is quite in order that a structural engineer should demand for his 
particular structure a material which physically may be better suited for 
its task, provided he can obtain it from the manufacturers at a price that 
will justify it economically. It is also in order that the manufacturers 
should not wish to disorganize their regular procedure of production, both — 
in the mills and in the shops, unless the demand is great enough to com- 
pensate them for it. As the demand for the higher quality of material 
becomes larger and steadier the manufacturers finally see the necessity and 
the reasonableness of acceding to the demands of the consumers, and they 
realize the advantage of adopting the modified material as their standard. 

Specifications.—More recent changes in the economy of the commercial 
and industrial life of the country and, no doubt to some extent, the compe- 
tition of reinforced concrete, have led to the consideration of a slightly 
stronger steel which will enable engineers to produce their structures more 
economically. The tendency has finally crystallized in the adoption of a 
specification by the American Society for Testing Materials (Standards 
Serial A7-34), which forms-the basis of the Specifications for Steel Railway — 
Bridges of the American Railway Engineering Association. 

These specifications are a product of the co-operation of the consumers 
and the producers, the designing engineers, and the mills. The specified 
material is practically the medium steel of 1903. Its physical qualifications 
are: Tensile strength, 60 to 72 kips per sq in., and yield point, one-half 
the ultimate strength, but not less than 33 kips per sq in. 

Economy.—It is understood that the manufacture of this steel will cause 
no increase in cost to the mills. A slight increase in the cost of fabrica- 
tion in the shops may be expected, due to the greater wear and tear on 
tools and machinery. The same material will probably be used for all 
kinds of structures and will thus become the standard American structural 
steel. 

Rapid Mass Transportation.—While the foregoing developments in rail- 
road transportation were progressing and exerting their effect on railroad 
bridges, similar and still more important changes were modifying life in 
cities and affecting the character of city bridges. The extraordinarily rapid 
growth of population in cities due to immigration and the inflow from 
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farm to city produced overcrowding and overflow into suburbs. The effect 
on the means of transportation is readily understood. The mechanism 
of commerce and industry is based on the co-ordination of many agencies, 

which can function properly only when the precision of time is observed. 
Many people must come to the city—to mills, shops, stores, and offices—and 
they must come there within a definite time on every working day. More- 
over, the time is the same for each of them, within an hour or two. They 
also must return to their homes within other hours as closely set. Thus, the 
busy life of the city has produced the term, “rush hours.” To transport 
this great and bustling mass of people, electric cars were running on busy 
streets and, later, entire trains were operated over elevated or subway struc- 
tures, to achieve high-speed traffic uninterrupted by crossings. Larger and 
heavier cars were required and longer and longer trains were operated, 
attaining a length of ten cars in the Subway System of New York City. 
The higher speed of rapid-transit trains increased the danger of collisions 
and telescoping, and the underground operation of these trains made the 
adoption of all-metal, fire-proof cars imperative. All these requirements 
added weight to the cars. Thus, the weight of rapid-transit cars filled with 
passengers grew from 1 to 2 kips per lin ft of train. 

In some cities the cars and trains had to be brought in over large 
streams requiring bridges with long spans. The bridges had to provide 
sufficient passage for cars and trains converging from many directions, and 
multiple tracks had to be provided on the bridges. At the same time, the 
increase in the wealth of the country justified the replacement of slow ferry 
traffic by long-span bridges. The growth of cities and the increased density 
of their population demanded provision for much heavier live loads than 
the old-time city bridge. It also demanded provision for the future growth 
of, the frequency and continuity of these. live loads. 

Automotive Transportation—During the twenty years, 1916 to 1986, a 
new factor in transportation began to exert a marked influence on the 
financing and building of bridges which, properly, should receive considera- 
tion. Favored by the increase of wealth due to the World War, the enormous 

development of automotive transportation of passengers, as well as of 
freight, brought with it new demands on bridges. Many capacious first- 
class highways were built throughout the United States and millions of 
automobiles are rolling over them at ever-increasing speeds. The new mode 
of travel by machine differs much from the old way by horse-drawn vehicle. 
Tt is not limited to immediate neighborhoods; its mileage is unbounded. It 
is swift and impatient; time has become essential. The automobilist, 
therefore, is willing to pay for his undelayed travel; and he does pay. 


Lona-Span BripcEs 


Toll Bridges—The economic aspect of bridges thus took a new turn 
because of automobile travel. Although toll bridges were built during a 
hundred years, all over the country, they were able to pay on the investment 
only because the structures were relatively small and cheap to build, and the 
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low toll that the traffic could bear was sufficient to make the enterprise suc- 
cessful. Larger bridges could not be built on the expectations of income 
from tolls before the arrival of the automobile. The Brooklyn Bridge is a 
fair example. Gradually, the older toll bridges were being taken over by 
the State authorities and made free or replaced by modern bridges. All 
this was changed by automotive traffic. The unlimited traveling radius of 
the automobile and its high speed multiplied the number of vehicles on the 
highways and the higher standard of operating expenses made it possible and 
reasonable to charge substantial tolls. 

The financial possibilities of building first-class bridges of longer spans 
were changed by the new factor completely. Where municipalities and Gov- 
ernment agencies heretofore could build bridges only by borrowing funds, 
carrying and amortizing the bonds and maintaining the structures from 
general taxation, the possibility now offered itself to maintain the bridge, 
pay the interest and amortize the bonds within a reasonable number of 
years from the income collected by tolls. The opportunity was quickly seen 
and taken. Practically all long-span highway bridges built in recent times 
are toll bridges. All the large highway bridges have been financed on the 
basis of toll income: The Delaware River, the Ambassador, the bridges of 
the Port of New York Authority, the New Orleans, Tri-Borough, Golden 
Gate, and San Francisco-Oakland Bay Bridges, and numerous less costly 
structures all over the country. 

With this development new problems in the economic relations of bridges 
appeared. It was not enough to build a safe, substantial bridge of good 
appearance to accommodate present and future traffic but, first, the struc- 
ture had to be designed not to cost more than the traffic would bear, and, 
for privately built bridges, a fair profit had to be earned. The full import 
and weight of economic design and construction made itself felt in the 
planning of toll bridges. 

Highway Bridges for Motor Traffic—With the development of highway 
bridges for automotive traffic, new conditions were created. Although the 
live load per lane of traffic on a bridge is lighter for automotive travel than 
for rapid-transit trains or trolley lines, the dead load of the bridge is 
greater. Automotive travel requires a floor with a continuous non-skidding 
surface, preferably fire-proof. Heavy automobile trucks have high axle concen- 
trations which must be sustained at any point of the roadway by the pave- 
ment and its supports. The dead load of highway bridges has increased 
as compared with the live load. This shift of loads exerts an influence on 
the selection of the type of the most suitable and economical structure. 
Suspension bridges display their best advantages with high uniform loads 
and, therefore, have come to the foreground. Heavy dead load and rela- 
tively light live load also favor higher strength steels. 

Economy of Materials—The heavier live loads and the longer spans of 
bridges placed before bridge engineers the problem of technical perform- 
ance. The question arose whether the available engineering materials were 
adequate and efficient to sustain the great forces developed in large bridges. 
Necessity demanded a material stronger than the available structural steel. 
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It is an essential characteristic of a bridge that it has a tendency to 
use stronger materials in its construction. It spans a horizontal distance 
by transferring the gravitational forces on the span to its abutments, The 
magnitude of the resisting forces increases: with the weights on the span 
and with their distance from the bridge abutments. It is evident that 
the longer the span the heavier will be the bridge and the greater will 
be the forces required to uphold the equilibrium. To resist these forces acting 
through the material of the bridge, either more material (and, therefore, 
still more weight) is required, or a material of higher strength must be 
substituted which will resist the greater forces without adding to the 
weight of the structure. This states in different words what is known to 
all engineers, that with an increase of span a bridge becomes heavier at a 
rate greater than in a simple proportion. Thus, in the longest highway 
bridges, the ratio of dead load to live load becomes 5 to 1 in the George 
Washington Bridge and 5.25 to 1 in the Golden Gate Bridge. 

Heavy and long-span bridges, therefore, will require excessively large 
members to meet the enormous forces developed in them. The sectional 
areas and weights of the members become difficult to fabricate, to connect, 
and to handle. The structure appears to outgrow its proportions, which are 
intimately tied not only to the bridge as completed but also to the machinery 
and capacity of the fabricating plants and the available transportation facili- 
ties. Finally, the cost of the structure becomes excessive and defeats its 
object economically. The application of suitable and stronger steels fre- 
quently makes the building of the bridge feasible and financially possible. 

The aim of all bridge engineers, therefore, has always been to reduce 
the weight of the longer bridges by utilizing materials of higher strength. 
The history of bridge engineering shows that almost in all instances of 
longer bridges their designers have endeavored to obtain a material which, 
either by its strength or its dependability, would enable them to allow 
higher intensities of stress, and thus reduce the weight to be carried. Gen- 
erally, this has been accomplished with more or less success. 


Reasons ror Apoptinag Higher StrenctH STEELS 


So far the general outline of the play of social and economic forces 
which has led to the demand for stronger steel has been discussed in 
general without direct application to built structures. Generalizations afford 
a bird’s-eye view and give a historical panorama, but they do not supply 
the direct information and practical understanding which concrete examples 
offer. These will be brought out in the following paragraphs. 

In relating the various reasons which have led engineers to adopt a 
higher strength steel for the several structures which will be discussed, the 
writer wishes to call attention to an observed phenomenon in the records 
of human investigations and history. In the meandering of human thought 
and in the constant play of forces, interests, and changing conditions, events 
and decisions evolve neither along smooth straight lines nor along continuous 

curves. Many a jolt is experienced and frequently the chain of events is 
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interrupted. It is only by looking backward through a duration of time 
that people are able to perceive the general tendency and its flow and to 
describe it as sequences and logical action: Thus, the observer on the 
shore may see far away a smooth sea and a placidly moving ship. 

Limitations to Progress—The structural engineer in the past has had 
little choice in his search for the higher strength material. Laboratory 
tests, no matter how carefully made, can only indicate the quality of the 
product and establish its probable behavior when produced under mill con- 
ditions in large tonnage. Engineers have also learned, sometimes to their 
sorrow, that the mass product may develop failings and defects that cannot 
be anticipated in the laboratory samples, and even in small ingots. The 
engineer has often had to act in the réle of stimulator and pioneer, and 
the manufacturer has brought out the new material with more or less 
enthusiasm and apprehension. It involves a risk in money and reputation 
to contract under specifications, which necessarily are rigid, to roll and 
fabricate the new steel. A higher price must necessarily be set to cover the 
cost of uncertainties and novelty to equipment and personnel. 

Several instances may well illustrate the reasons which prompted the intro- 
duction of the use of nickel steel for bridges. At the beginning of the 
century two bridges over the East River—the Queensboro and the Man- 
hattan—were being planned by the Department of Bridges of New York City. 

Eye-Bars in the, Queensboro Bridge-—The Queensboro Bridge is a double 
cantilever structure with two main spans of 984 and 1182 ft. Originally, 
it was designed for two rapid-transit tracks, four trolley tracks, a roadway 
of 35.5 ft, and two sidewalks; after the letting of the contract two more 
rapid-transit tracks were added. In accordance with the loads then estab- 
lished, the specified congested live load was 16 kips per lin ft, and the 
average dead load, 35 kips per lin ft. The dead and live load stresses in the 
panels of the upper chord attain a maximum stress of 19000 kips. Using 
the proportional unit stress which could be allowed on eye-bars of medium 
steel (20 kips per sq in.) about 950 sq in. of bars would be required. As 
built, the nickel-steel eye-bars have a greatest sectional area of 680 sq in., 
consisting of 20 bars, 16 by 24 in. An increase of 40% in sectional area 
would thus be required if the bars were made of carbon steel. As the largest 
eye-bars available were used, it meant a proportional increase in the number 
of bars. The increased weight of the tension members would add to the 
dead load and, in its turn, would require more bars. Structurally, it meant 
that the width of the chord and the length of the pins would have to be 
increased, which again would lead to further increase in dead load. 

An increase of 40% in the number of bars would have required the 
widening of the upper chord in the panels of maximum stress from its 
present width of 90 in. to more than 120 in. The greater number of bars _ 
in the chord, in turn, would involve the widening of truss members to 
unwieldly proportions. 

The engineers discussed various alloy steels with metallurgists and manu- 
facturers, and, finally, the Carnegie Steel Company, in 1902, made a heat 
of steel containing 3.26% nickel, 0.21% carbon, and 0.538% manganese. From 


: 
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it 21 eye-bars were manufactured by the American Bridge Company in 
sizes of 6 by 1 in., 6 by 2 in. 8 by 14 in, and 10 by 14 in. Tests were 
made of specimens and of full-sized eye-bars, annealed and not annealed. 
The results of the tests indicated that a good structural material had been 
obtained which could be depended upon for bridge purposes and which, 
after further experimentation, could be specified to meet a yield point of 
48 to 50 kips per sq in. and an ultimate strength of 100 kips per sq in. 

In 1903 a further set of eight bars of basic open-hearth steel, containing 
8.24% nickel, was made and tested. When tested, the full-sized eye-bars 
developed an elastic limit of 46 to 49 kips per sq. in., and an ultimate 
strength of 84 to 87 kips per sq. in. This gave assurance that a 
high-strength steel could be manufactured into eye-bars on which, for dead load 
and regular live load (8 kips per lin ft), a tensile unit stress of 30 kips 
per sq in., and for dead load and congested live load (16 kips per lin ng8) 
a stress of 39 kips per sq in., could be allowed. During the construction 
of the bridge the bars were ultimately made to meet a minimum elastic 
limit of 48 kips per sq in., in full-sized tests, and an ultimate strength 
of 80 to 85 kips per sq in.; elongation in 18 ft, 9%; reduction of area, 
40%; and bending, 180° around a pin of twice the thickness®. In this first 
application of nickel steel to bridge construction about 6000 tons of eye- 
bars and pins were consumed. 

The introduction of nickel as an alloy to the steel for the eye-bars of 
the Queensboro Bridge offers a good illustration of the causes which have 
led to the use of high-strength steels for bridges. A stronger steel was desired 
to hold the number of eye-bars and their section within manageable limits. 
The steel had to be as dependable and as workable as the standard bridge 
steel. A percentage of about 3.25 of nickel added to the steel supplied the 
necessary strength and quality, and this material was adopted for the eye- 
bars of the bridge. The type and general dimensions of the structure were 
not affected by the selection of the stronger steel. 

Stiffening Trusses in the Manhattan Bridge.—Another illustration, but of 
a different character, of the use of high-strength steel is presented by 
the events which led to the use of nickel steel for the stiffening trusses of the 

Manhattan Bridge in New York City. It was planned at the same time 
as the Queensboro Bridge and was designed for four rapid-transit tracks, 
four trolley tracks, a 35.5-ft roadway, and two footwalks. For this capacity 
a congested live load of 16 kips per lin ft was adopted. 

The dimensions of the bridge and its dead and live load created a 
problem for the engineers. The bridge had to clear the East River between 
pier lines and the length of the main span was determined by the location 
of the bridge and the width of the river between pier-head lines at 1470 ft. 
A desire to present a well-balanced appearance made the side spans 725 
ft. Before the development of the deflection theory of suspension bridges a 
reasonable design of stiffening trusses for a bridge with suspended side spans 


” (later, Queensboro Bridge), 
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of similar dimensions, and a live load as heavy as two-thirds that of the 
dead load, would require trusses of great depth and extraordinary chord 
sections to come within allowable unit stresses and limited deflections as 
then computed. The introduction of the deflection theory led to a more 
correct determination of deflections and made it possible to design the bridge 
with relatively shallow trusses. Their depth of 24 ft was determined by 
the cross-section of the bridge, which has a double deck, and the required 
clearance for the rapid transit trains on the lower deck. It may be pointed 
out that this was the first suspension bridge of its kind and character 
designed in accordance with the deflection theory and built with shallow 
trusses. 

The behavior of a suspension bridge is such that, given the general 
dimensions and the dead and live loads, its stiffness will be controlled more 
by these factors than by the stiffness of the suspended truss itself. This is 
explained by the fact that in the computations of the stiffening truss, the 
moment of inertia is not directly proportional to the deflection, and exerts 
a relatively small influence. However, it must follow such deflections as 
the system of forces on the cables and the elasticity of the latter will 
compel. In other words, the truss must bend in conformity with the cable 
deflections and it can only mitigate them. It is well known that in a beam 
of given depth deflecting to a given curve the stresses in the chords will 
be proportional to the degree of curvature. With the general dimensions 
of the Manhattan Bridge and its dead load a congested live load of 16 kips 
per lin ft will develop stresses of such intensity that the standard medium 
structural steel could not sustain them within its elastic limit. True enough, 
a uniform congested load moving on many lanes, either in unbrokeh or broken 
lengths, will rarely assume the positions which will cause maximum stresses 
in suspension bridges with side spans. In accordance with this argument 


the designers have given full consideration to the probability of maximum © 


stresses in the stiffening trusses and have allowed high unit stresses on the 
selected material. The adopted material, however, had to have an elastic 
limit high enough at no time to cripple the trusses by exceeding that limit. 

After the results obtained from the tests of nickel-steel eye-bars for the 
Queensboro Bridge, it was a matter of course for the engineers to turn 
to nickel steel as a material which can develop a sufficiently high elastic limit 
and ultimate strength for the moments and deflections of the stiffening trusses. 
Accordingly, the specifications for the nickel steel for the stiffening 
trusses of the Manhattan Bridge called for the following physical 
requirements: 


Ultimate strength 


its Sees. 85 to 95 kips per sq in. 
Elastic limit, minimum........ 55 kips per sq in. 
Percentage of elongation in 8 in. _1600 (minimum) 


Ultimate strength 


Percentage of reduction of area. 40 (minimum) 


As shown by the results of the acceptance tests of all the heats rolled, 
the material furnished actually developed an average elastic limit of 55.9 


— 
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to 59.8 kips per sq in., and an average ultimate strength of 87.2 to 90.8 
kips per sq in. Having in mind the high intensity of loading assumed and 
the low probability of the positions of maximum stresses, a stress of 40 
kips per sq in. in tension, properly reduced for compression, was allowed 
on this material. The permissible unit stress was thus 73% of the elastic 
limit of the steel. Altogether 8000 tons of nickel steel were consumed 
in the Manhattan Bridge. 

The recently proposed revised A. S. T. M. Specifications for Nickel Steel 
differ from those of the Manhattan Bridge in 1906 only by raising the 
tensile strength to 90 to 115 kips per sq in. and by lowering the reduction 
of area to 80 per cent. 

In the case of the Manhattan Bridge the introduction of a stronger 
steel was due to a necessity which came from the character of the type of 
the structure and its dimensions and loads. If there were no steels of higher 
elastic limit available the bridge could not have been designed as it was. 
In this case the type and general dimensions of the structure were sub- 
stantially affected by the selection of the stronger steel. 

Nickel Steel in the Quebec Bridge—tIn the construction of the present 
Quebec Bridge the Board of Engineers, which was created after the failure of 
the first bridge during its erection, make painstaking and careful studies 
of all phases of the work. It made extensive tests of carbon and nickel 
steel eye-bars and columns and, after careful considerations, it incorporated 
16000 tons of nickel steel in the structure. In the report™ on the Quebec 
Bridge, the Board states: “Nickel steel was used wherever it would effect 
a saving in weight of the structure as a whole, and, by this means, not- 
withstanding its higher price, be a factor in reducing total cost.” 

Nickel Steel in the Delaware River Bridge——The Delaware River Suspen- 
sion Bridge, between Philadelphia, Pa., and Camden, N. J., was designed 
for a congested live load of 12 kips per lin ft. It has a span of 1750 
ft and a reinforced concrete roadway 57 ft wide; its design dead load is 
26 kips per lin ft. The same considerations that led to the adoption of niékel 
steel for the stiffening trusses of the Manhattan Bridge led to the use of a 
high-strength steel for the trusses of the Delaware River Bridge. Realizing 
the need of high-strength steels in bridge building, the engineers of the 
Delaware River Bridge had in mind the possibility of opening the field for 
such steels, in order to encourage steel makers to produce various suitable 
high-strength steels and to foster competition. The specifications for the 
stiffening trusses, therefore, called for a special steel having a minimum 
yield point of 55 kips per sq in. and a minimum tensile strength of 90 

-kips per sq in., without specifying a definite alloy. It gave a free oppor- 
tunity to steel manufacturers to offer an alloy to meet the physical require- 
ments. The manufacturers finally furnished a nickel steel containing an 
average of 3.2% nickel. 

One of the peculiarities of stiffening trusses in suspension bridges is that 
the shear is relatively low and that the web members are relatively light 


“The Quebec Bridge’: Report of the Govt. Board of Engrs., 1919. 
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Tt was found that the web members in the trusses of the Delaware River 
Bridge, if made of nickel steel, would under-run the desirable minimum 
sections, and, consequently, they were made of silicon steel. This is the 
first instance in which a differentiation was made in members of a truss 
by using higher and lower steels. A total tonnage of 5150 tons of nickel 
steel was consumed for the bridge. 

The San Francisco-Oakland Bay Bridge—A still more recent illustration 
of the use of nickel steel is furnished by the San Francisco-Oakland Bay 
Bridge in which the high-strength steel was used in two structures of the 
same bridge for different reasons. This project consists of a twin suspension 
bridge over the West Bay and of a cantilever structure and nineteen truss 
spans over the East Bay. It is a double-deck structure. The main span 
of the cantilever structure is 1400 ft and the especially heavy dead load, 
due to the wide roadways, made it of major importance to hold the size 
and weight of the truss members within reasonable limits. To minimize 
the sizes of the stiff members 3400 tons of nickel steel were consumed. 
The reasons for using stronger steel here were purely technical and not 
economical. . 

Still another instance in which a higher strength steel was used for 
technical reasons is furnished by the center anchorage of the suspension 
structure. The West Bay is about 10000 ft wide and is crossed by twin 
suspension bridges, each having a main span of 2310 ft. For a uniform 
fixed load over the entire length, the structure could have been built with 
three main spans and two side spans; but for a moving live load of 7 
kips per lin ft, the bridge would be too flexible both for the towers and 
for the stiffening trusses, and would thus become impassible for traffic. 
To limit the deflections of the bridge a central anchorage pier was built 
which will restrain the motion of the cables by the stability of its weight. A 
simple solution was found to connect the cables to the pier and to each other © 
by positive means. The cables of each of the bridges which meet at the 
central anchorage are displayed from their compacted cylindrical shape the 
same as at the land anchorages. The individual strands that constitute 
the cables are laid over thirty-seven anchor shoes, each of which is engaged 
by a pair of eye-bars similar to the usual stispension-bridge construction. | 
Here, the similarity ceases. The eye-bars are not connected to other bars 
embedded in concrete, but at their free end they are connected by pins 
to vertical steel plates. In this way the plates are only intermediate links 
connecting the cable ends of the twin bridges. The cables are thus tied 
to each other continuously by bars and plates of steel. The steel tie-plates 
are made large enough (23 by 385 ft) to extend downward to provide for 
a pin connection to a steel structure anchored and embedded in the masonry — 
of the central anchorage pier. The anchorage restrains the horizontal 
motion of the cables. When it is considered that the pull in the cables at the 
Senet anchorage may reach 36 400 kips per cable and that the unbalanced 
Ee eee ness ad ahi ts: of the tie-plates—their size and 

t ‘ ach cable connects to four plates by 
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means of thirty-seven pins and the plates connect to the anchorage by a 
pin 27 in, in diameter. The geometrical dimensions are such that the 
distribution of stress in the plates is of the greatest importance. Although, in 
accordance with theoretical computations, the strength of silicon steel plates 
was sufficient for the purpose, the engineers felt that excess of strength 
in the steel was of special value in this case and that the well-known tough- 
ness of nickel steel would be much in place. The tie-plates, therefore, 
were made of nickel steel, requiring about 280 tons. In this instance, 
merely technical considerations and not economy were the determining 
factors. Not only was the higher tensile strength of the material consid- 
ered but also its toughness. 

Manganese Steel in the Bayonne Bridge—In 1927 the engineers of the 
Port of New York Authority were planning a bridge over the Kill van Kull 
connecting Staten Island, New York, with the mainland at Bayonne, N. J. 
After much study it was decided to build an arch with a single span of 
1675 ft between centers of bearings. ‘The trusses were designed to act 
as three-hinged arches with the lower chords as continuous ribs from end 
hinge to end hinge. The lower chord was designed to sustain all the dead 
load and part of the live load, the upper chord and the web members acting 
merely as a participating and stiffening truss. 

The greatest reaction on the pins is nearly 31400 kips per truss. It 
was desirable to limit the thickness of the assembled plates and splices for 
riveting purposes but, above all, considerations of weight were governing. 
For every pound of weight added an additional pound of steel was required 
to sustain it; economy, therefore, decided the issue. 

At that time, advanced engineering had already recognized the fact 
that the function of the various parts of a structure and that of their 
constituent members and details, demand in some parts greater strength 
and in others greater stiffness. It had realized that it is good design to 
utilize various grades of available steel and that, by the proper use of these 
various steels, a better and a more economical structure can be built. 
Modern design, therefore, will utilize steel of various strengths. Where 
the usual stresses must be met and where stiffness is of importance, the 
common carbon steel will be used; where greater forces must be sustained, 
medium strength steel such as silicon will be generally utilized. Finally, 
where exceptionally great forces are met and the members become exces- 
sively bulky, high-strength alloy steels will be introduced. This tendency 
was recognized systematically in the design and the proportioning of the 
various parts and members of the Bayonne Arch. The main material of 
the lower chord is high-strength alloy steel throughout; that of the top 
chord is silicon steel, except the three end panels which are of carbon steel; 
all the web members are of carbon steel, except some which were made 
of silicon steel because of erection stresses ; all lateral bracing and sway-bracing 
are of carbon steel. 

For the high-strength steel an alloy containing 3.25% nickel and having 
a minimum yield point of 55 kips per sq in. and a tensile strength of 
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90 kips per sq in., was specified. In the specifications it was stated, how- 
ever, that, with the approval of the engineer, the contractor might substitute 
for the nickel steel another steel which would meet the physical require- 
ments for nickel steel and in all other respects be equivalent in quality. The 
American Bridge Company, as the lowest bidder, was awarded the contract, 
and it offered as an equivalent substitute a carbon manganese steel at a 
reduction of $15 per ton below the price of nickel steel. The carbon man- 
ganese was to have the chemical and physical qualities indicated in Table 22. 


TABLE 22.—Cuaracteristics or Mancanese Steet, Bayonne Bripce 
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mum allowable. § 168 melts and 968 tests. 


After a careful investigation, which included tests from a heat especially 
rolled for the purpose, and the adoption of precautionary provisions and 
more rigorous requirements regarding testing and inspection, the Port of 
New York Authority permitted the use of manganese steel in substitution 
for nickel steel. The total saving in price was about $80 000. 

The average results obtained on the standard tests of manganese steel 
rolled for the chords of the Bayonne Arch are cited for comparison in 
Table 22. The elastic limit, being the Johnston point, was found to be 
46 kips per sq in. None of the steel specimens was heat-treated, and the 
steel was used in the “as-rolled” condition. 

A series of tests of large-sized columns was conducted by the Port of 
New York Authority jointly with the National Bureau of Standards; among 
them were two of the type of the George Washington Bridge and two of 
the type of the Bayonne Arch. The strongest column, of carbon man- 
ganese, developed an ultimate resistance of 9653 kips. The ultimate 
compressive strength of the carbon manganese columns was from 58.6 to 
62.3 kips per sq in.* Thus, the column strength was found to be the 
average yield-point strength of the material in the members. It should be 
added that carbon manganese steel rivets were used successfully for the field 
connections. 


ee ee eerenseemmnnnnenmmmmmmme 
» “Tests of Steel Tower Columns for the George Washington Bridge”, b St a 
Whittemore, Journal of Research, National ge”, by Stang an 
1935, and paper in print, nal Bureau of Standards, Vol. 15, September, 
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The manufacture of manganese steel has shown that much care must be 
exercised in the production of the steel and the rolling of the plates and 
that the heavier plates are likely to encounter difficulties and to develop 
cracks. Tension tests of large specimens made by the contractor in con- 
nection with the Bayonne Arch gave poor results, and he finally decided 
not to use carbon manganese steel in the tension members of that bridge. 
In this instance, the reasons for using high-strength steel was due, as 
stated, to economical considerations. Substitution of carbon manganese 
steel for nickel steel was due to a saving in cost to the consumer. It is 
doubtful whether there was an actual saving in cost to the producer. 

Summary.—The writer has discussed at length the application of high- 
strength steel to most of the large bridges in the United States and the 
reasons which prompted its use. The reason that nickel steel was used 
in most cases was simply that it was the material available and had been 
tried out first. Manufacturers were familiar with it and engineers knew 
it to be dependable and well behaving in finished structures. The reasons 
that prompted metallurgists and engineers to search for other high-strength 
steels suitable for structural purposes were those of economy. When used 
in the Queensboro and Manhattan Bridges in the first decade of the. Twen- 
tieth Century, nickel steel cost about 8 cents per lb more than carbon 
steel. This differential in price has varied but little during the succeeding 
years. For the Delaware River Bridge, in 1924, the average of the bids 
was 2.25 cents per lb more for nickel steel than for carbon steel; for the 
Bayonne Arch, in 1928, it was 2.8 cents; and in the San Francisco-Oakland 
Bay Bridge, in 1933, it was 2.8 cents. The alloying nickel is practically 
controlled by a monopoly, and its cost to the mills has varied little. Addi- 
tional cost of rolling and fabricating has kept the price relatively high. 
For the Harahan Bridge, a cantilever railroad bridge over the Mississippi 
River, at Memphis, Tenn., in 1914, 700 tons of Mayari steel was used in 
eye-bars and riveted members, with the evident intent to reduce the cost 
of high-strength steel and, apparently, good technical results were obtained. 
Mayari steel, however, has not been in the market for structural purposes 
in recent years. 


History or Sinicon STEEL 


Fortunately for the advance of bridge construction, a new steel was 
developed about 1916 which took its place in strength above structural carbon 
steel and below nickel or special steels. This steel, known as silicon steel, 
has a minimum yield point of 45 kips per sq in. and a tensile strength of 
80 to 95 kips per sq in. 

Notwithstanding its great popularity, silicon steel is fairly young. More 
than fifty years ago a:silicon steel was proposed by English mills for ship 
construction. However, not before 1907 did silicon steel make its appear- 
ance in ship construction in plates for the S. S. Mauretania. Because of 
the wide use of this steel in recent times, the writer considers it important 
to discuss what is generally associated with the trade mark, “silicon steel,” 
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in European countries. The steel used in the Mauretania is said to have 
had the characteristics cited in Table 23. 


TABLE 23.—Evo.ution or Siticon STEEL 
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In later years, European manufacturers, and especially German mills, © 
after the World War, had adopted a similar grade of steel, usually con- 
taining from 1.0 to 1.8% of silicon. This steel gave unsatisfactory results 
and ultimately was recalled. The greatest trouble was the high percentage 
of silicon as compared with the practice of American mills which limits it to 
0.45 per cent. Because of the troubles experienced with the higher per- 
centage, silicon steels in general acquired a bad reputation in Europe. 
In discussing steels with European engineers it will be well to explain to 
them the difference between European and American steel of the same 
name. As manufactured in the United States, silicon steel has a low 
percentage of silicon and a.medium percentage of manganese. It could 
properly. be named “Mansil” to indicate the ingredients which produce its — 
characteristic qualities, or “Medium Manganese” steel. 

It first made its appearance in bridge building in 1915 in the bridge 
across the Ohio River, at Metropolis, Ill. This bridge has a simple truss 
span of 720 ft and its long span and weight demanded a higher-strength 
steel. The demand was well met by silicon steel. So successful was the 
new material that to date about 350000 tons of it has been consumed for | 
bridges. It has been used for the towers of the Delaware River Bridge, 
Ambassador Bridge, Martinez-Benicia Bridge; George Washington 
Bridge, Golden Gate, New Orleans, Tri-Borough, and San Francisco-Oak- 
land Bay Bridges. It has become a standard steel of to-day. 

A fair idea of the quality of silicon steel that is being: manufactured - 
in such large tonnage can be had from the results of 895 melts and 1884 
tests of the silicon steel used in the towers of the George Washington Bridge, 
a total of 23 600 tons (see Table 23). : 

Economy.—The reason for the extensive use of silicon steel is its economy. 
Erected, in place, it costs 10 to 15% more than carbon steel. Its specified 
minimum yield point is 36% higher and a permissible unit stress of one- 
third higher is generally allowed for it. An elementary example will illus- 
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trate the economic relation of silicon steel to carbon steel. Assuming that 
1000 tons of carbon steel, in place, will cost $100 000, the higher allowable 
unit stress, with practical allowances, will require only 800 tons of silicon 
steel at, say, $112.50 per ton, amounting to $90000. A saving of $10 000, 
or of 10% of the cost, will be realized. ; 

The saving in cost shown in the foregoing example covers the lesser 
cost of the material in place. It does not take into account the saving 
in steel effected by virtue of its decreased total weight. Although it is of 
slight importance in buildings and minor bridges, the reduction in weight 
becomes a substantial factor in longer bridges where an additional pound 
of weight may require 3 lb of steel to sustain it. To this factor is due the 
saving sought by bridge engineers, and it is the determining cause for 
the selection of higher strength steel. 


Practica, ADVANTAGES AND Liurrations or Hicu-StrenctH STEEL 


From the point of view of the engineering of bridges and structures, a 
high-strength steel is an alloy that develops a substantially higher yield 
point and tensile strength than the so-called standard structural steel and is 
sufficiently ductile to be fabricated by the equipment and procedure in 
modern shops. It must also be ductile enough to overcome stress con- 
centrations greater than the yield-point stress when they occur and to be 
capable of distributing the stress more or less over the entire section of 
the member without impairing its efficiency. The yield point is accepted 
as one of the measures of the quality of steel, not because it is a better 
index of quality than the limit of proportionality or the elastic limit, but 
simply because, for acceptance testing, it is much more feasible. Testing 
for commercial acceptance of material requires simplicity and speed. Both 
are obtained by the observation of the yield point or a conventional definition 
of it. The consumer, therefore, really buys the material on the basis of 
its yield point and its tensile strength as observed by testing procedures 
which are established conventionally to meet the exigencies of practical 
acceptance at the mills and shops. When the engineer specifies a high- 
strength steel he obtains a product with a higher yield point and higher 
tensile strength than is ordinarily used. , 

Criterion for Unit Stresses—The object of the engineer in introducing a 
higher strength steel, whether for technical or for economical reasons, is to 
utilize its strength by applying to it higher permissible unit stresses. The 
question then arises here as to how much stronger is the new steel when 
in action in the structure than the common carbon steel. Can the “higher 
strength” of the new material be utilized by the designer of the structure 
jn direct proportion to its yield point or tensile strength? If so, which of 
the two should guide the adoption of the unit stress, the yield point or the 
tensile strength? The engineer thus arrives at the fundamental consid- 
erations of what constitutes the resistance of steel when acting in a 
structure. 

Engineering knowledge of the present time has found experimentally that 
a steel specimen subjected to a static load within its limit of proportionality 
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will sustain the load indefinitely and when the load is released it will 
assume its original dimensions. Very little set and scarcely any creep due 
to time has been observed on specimens. The good behavior and long life 
of innumerable steel structures bear witness to these facts. Sufficient obser- 
vations are available, furthermore, to justify the assumption that the 
variation of the intensity of a load applied in one direction only will not 
reduce the sustaining qualities of the material. Experiments have not yet 
established positively that the tensile strength of a specimen will not be 
reduced by applying a load and then removing it entirely a sufficient 
number of times to establish faith in the probability that such conditions 
would not be exceeded during the life of the structure. It has been estab- 
lished, however, that a reversal of stress within certain limits will cause 
the specimen to fail after many repetitions. The strength of the steel to 
resist an “infinite” number of stress reversals is known as fatigue strength 
and is lower than its static strength. Moreover, the fatigue strength depends 
on the tensile strength and not on the proportional limit or on the yield 
point. Taking the lowest values commonly set in specifications, the per- 
centages of increase in yield point and tensile strength are indicated by 
reference to Table 24. 


TABLE 24.—PercEenTAGE INcREASE IN YIELD Point Anp Tensite STRENGTH 
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Although the decrease in percentage of tensile strength is not much 
for the two varieties of steel in Table 24, attention is called to the fact 
because several steels recently have come into the market, the main char- 
acteristic of which is a higher ratio of yield point to tensile strength. 
When establishing the permissible unit stresses for the design of the struc- 
ture, therefore, the engineer must consider the character of the loads to 
which it will be subjected and must choose the material best fitted for its 
function. For practically static loads the higher yield point will be the 
controlling influence, and for frequently reversed stresses the tensile 
strength will be the controlling influence. 

While establishing permissible unit stresses the engineer should keep in 
mind that the proportional limit and the elastic limit are the limits that 
should not be exceeded in a structure and that the true margin of safety 
depends on them. Careful observations have shown that the elastic limit 
is lower than the yield point and sometimes substantially so. Generally, 
the elastic limit can be taken at eight-tenths of the yield-point stress and 
it may be substantially below it. : 

With the foregoing limitations in mind the engineer can take advantage 
of the higher strength qualities of the special steels. The recent Specifica- 
tions for Steel Railway Bridges of the American Railway Engineering 


October, 1986 EVOLUTION OF HIGH-STRENGTH STEELS 1295 


Association call for the following permissible unit stresses in tension (in 
kips per square inch, net): 
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It will be noted that the stress allowed for nickel steel is 1.67 times that 
of carbon steel, and that allowed for silicon steel is 1.33 times that of 
carbon steel. As a result, smaller sectional areas are required which will 
require less material. The reduced weight of steel required means less dead 
load for the structure to sustain and, in turn, reduces the steel tonnage. 
Where sections of carbon steel are too large, they will become proportionally 
smaller for the stronger steels and members will become easier to handle. 
Above all, when properly and judiciously applied, a saving in cost of the 
structure will be realized. 

Limitations Imposed by Flexibility—There are limitations, however, to 
the use of higher strength steels for structures which are inherent in all 
steels and are derived from their basic qualities. The modulus of elas- 
ticity of various steels is practically the same within narrow limits. All 
phenomena of the behavior of steel members and structures which are func- 
tions of the modulus of elasticity, therefore, will develop the same degree 
of deformation. ‘The members of the structure composed of high-strength 
steel will shorten and elongate in inverse proportion to their sectional area, 
and the area being smaller, they will develop proportionately greater deforma- 
tion. The structure as a whole, consisting of all the members, therefore, 
will be less stiff and will deflect more under load. This is not desirable. 
The more flexible a structure is the more secondary stresses it will develop 
in its stiff connections and if the deformation of the structure should 
become appreciable it will also develop additional stresses due to the dis- 
tortion of the original geometrical pattern. Thus, very tall structures 
when exposed to high winds may sway sufficiently to produce additional 
stresses to an appreciable degree, so also may tall towers of long-span suspen- 
sion bridges. 

Limitations Imposed by Vibration.—Where the rapid application of loads 
produces vibrations, the intensity of these vibrations will be greater for 
the stronger steels because the intensity is inversely proportional to the 
moment of inertia of the structure and the latter value will be smaller for 
the stronger steel. Trains passing over railroad bridges at high speeds 
cause much vibration in the structure, and it is of serious importance rather 
to reduce than to augment these vibrations. Both the greater deformations 
and the higher vibrations which will be produced in structures built of 
stronger steels demand the careful thought of the designing engineer. In 
designing a structure it is important to consider seriously whether the 
advantage of the reduced cost effected by the use of the stronger steel is 
not outweighed by the disadvantage of the more flexible structure. 

Buckling of Plates and Flanges.—Another phenomenon in the behavior 
of steel members in which the constancy of the modulus of elasticity plays 
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an important réle is that of the buckling of plates and outstanding flanges 
of steel members in compression. According to Euler’s well-known theoretical 
study of the buckling strength of a deflected column under a compressive 
load, the column strength is directly proportional to the modulus of elas- 
ticity of the material and the moment of inertia of the column. The cor- 
rectness of the Euler theory has been verified experimentally. The elastic 
stability or buckling strength of plates subjected to compression and shear 
has been derived from Euler’s theory, and it has been established theoret- 
ically and verified experimentally that the critical unit stress at which 
buckling is imminent is directly proportional to the modulus of elasticity. 
A concise statement of the practical aspects of the problem has been pre- 
sented ® very ably by Otis E. Hovey, M. Am. Soc. C. E., who establishes 
a table of recommended ratios of the width of a plate to its thickness 
based on the yield point of the material used. For the purpose of showing 
that smaller ratios are permissible for higher yield points, three ratios 
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The foregoing data demonstrate vividly that a stronger steel is not pro- 
portionately more stable against buckling than common carbon steel and 
that when high-strength steel is applied it is sometimes penalized where wide 
plates are used in the structure. 

The practical importance of the limitation presented by buckling resistance 
in design is well illustrated by the case of the towers of the Golden Gate 
Bridge and the San Francisco-Oakland Bridge. The towers of the Golden 
Gate Bridge are 690 ft above the piers and each pier must sustain a 
vertical load of 61500 tons. About 45000 tons of carbon and silicon steel 
were used for both towers. The tower shafts are built as cellular struc- 
tures with widths of 42 in. The general dimensions of the towers are such 
that in the lower portion the stability of the steel plates, and not high 
stresses, is controlling. Carbon steel, therefore, was used in the lower 
two-thirds of the shaft. In the upper one-third where the increased slimness 
of the shaft requires higher allowable working stresses and stronger steel, 
silicon was used. It was found that a number of silicon steel plates, located 
toward the outer faces, required thickening because the buckling resistance 
was not equivalent to the permissible unit stress. A number of single 
web-plates, therefore, were increased in thickness; a total of about 70 tons 
of steel was thus added. 

Similar increases in thickness because of buckling strength were made 
in some web-plates in the towers of the San Francisco-Oakland Bay Bridge. 

Details—In the building of a steel member many auxiliary parts enter 
which are commonly known as “details.” Designing engineers know that 
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such auxiliary parts as lacing-bars, batten-plates, and stiffeners are not 
highly stressed and do not demand high-strength steel. In order to function 
well and to fulfill their purpose these parts should be rather stiff than 
strong. In other words, lacing-bars, batten-plates, and stiffeners should 
offer high resistance to deformation. To do this it is important that they 
have more section rather than that they be stronger per unit of area. 
These parts of high-strength members could very well be made of common 
carbon steel when they do not carry primary stresses and where there is 
enough tonnage to warrant the additional care required in sorting in tc shop. 

Similar considerations hold true for most secondary members in bridge 
trusses. Hangers and parts in subdivided panels sustain concentrated panel 
loads enly and, as a rule, they do not require heavy sections. Lighter 
members frequently under-run in size and should be made of carbon steel. 
The same is true for most lateral and sway-bracing in medium span bridges. 
Sway-bracing mostly functions to preserve the geometrical pattern of the 
structure and stiffness more than strength, is of importance. Lateral 
bracing requires heavy members where the lateral shear becomes high, which 
generally is in less than one-half the length of the bridge; in the lighter 
half, the least size of the member controls. If the tonnage of the steel is 
sufficient to warrant the use of two kinds of steel, carbon steel may be used 
in at least a part of the lateral system. 

Adapting Steels to Parts of a Structure—In the design of large struc- 
tures engineers have recognized the value of differentiating between various 
members according to their functions and of using steels suitable for these 
functions. For example, the web members and all lateral and sway-bracing 
members of the Bayonne Arch are of carbon steel, whereas the lower chord 
is of carbon manganese steel and the top chord of silicon steel. The towers 
of the Delaware River Bridge are of silicon steel and their transverse brac- 
ing, as well as all diaphragms, etc., are of carbon steel; the chords of the 
stiffening trusses are of nickel steel; the webs, however, are of silicon 
steel and the lateral system, because of participation stresses, is also of 
silicon steel. In the towers of the George Washington Bridge the shafts 
are of silicon steel, the bracing, all secondary parts, and parts in which 
stiffness rather than strength was desirable, are of carbon steel. The method 
of differentiating between the various members of a structure in accordance 
with their function has become general practice on important structures 
where such a procedure is warranted. 


PuysicaL Limirations oF HicHer SrrenctH STEELS 


In considering various grades of steel for structural purposes the physical 
limitations of higher strength steels should be given attention because they 
will be reflected in the cost of the fabricated and erected steel. 

Fabricating Problems.—All shaping and forming of metals is performed 
either by heating the material to a plastic state, or by exerting force on 
the cold metal. Within certain limits, structural steel is usually shaped 
by suitable devices at shop temperature. - Cold-shaping is more convenient, 
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speedier, and more economical. Practically all straightening of plates and 
bars is done in the cold state. Cold-shaping and straightening of steel are 
based on the principle of applying force through a motion of the forming 
device so that the elastic limit is exceeded and the metal enters the plastic 
state and, therefore, follows the shaping tools into the desired form. Without 
exceeding the elastic limit, the metal, of course, would spring back into its 
original form. The fabricator is well aware of the fact that the higher 
the elastic limit of the material, the more force will have to be exerted 
to pass it and the stronger the forming equipment will have to be. Shaping 
and straightening will be more difficult and tools will break more frequently. 
It will also require more time because the higher elastic limit steel will 
need to pass through the straightening rolls a greater number of times. 

It should also be remembered that the stronger steels require a more 
careful procedure in the pouring and generally more ingots are discarded. 
Their rolling temperature has a more limited range, and some, if not all, 
of the higher steels require protection from cold blasts and drafts during 
the rolling process. The finer the material the more care it requires; the 
stronger the steel, the more difficult it is to form. 

Distribution of Stress Among the Rivets in a Joint.—Another matter 
that deserves serious consideration is that of stress distribution in riveted 
joints. When a relatively wide plate is spliced to another plate by the 
common riveted connection, the question arises as to whether the stress 
is distributed uniformly through the rivets from one plate to the other. 
The phenomenon of splicing steel by a group of rivets is by no means simple. 
Like most phenomena encountered in practice it has been made 
simple by an assumption which, although not correct, makes it possible to 
approximate the facts roughly and to proceed with the task of splicing the 
members. The assumption is that all parts, the plates and the rivets, are 
rigid members and that a stress, uniformly or continuously distributed in 
a plate, will transmit its total force to the connecting rivets and these, 
when symmetrically arranged, will transmit the force to the second plate 
in the same symmetrical and uniform distribution. This assumption dates 
from the time when stresses were low and the elastic properties of metal 
were ignored. Engineers know that such uniform distribution does not 
prevail in the plates near the rivets; the originally distributed stresses meet 
their resistance in the rivets and rush to them to overcome it. Concen- 
trations of stress are formed around the rivets which sometimes exceed the 
elastic limit. At that time a system of equilibrium establishes itself between 
the plates and the rivets by the mutual yielding of each; where the intensity 
of stress is too great for the elastic limit, it passes (for the time being) into 
the plastic state. The phenomenon of stress distribution through rivets 
still requires much study. Engineers are aware of the problem and, at 
present, are devoting their attention to it. One aspect of the problem, 
however, is quite clear: The higher the elastic limit of the material the 
greater may become the concentration of stresses and the less uniform will 
be the distribution of stress in the plates. In fact, too high an elastic 
limit may lead to such a high concentration of stress as to cause incipient 
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failure. With the present knowledge of the phenomenon the prognosis may 
be made that the efficiency of riveted splices is not in direct proportion to 
the increase in the yield point of the material. The higher yield point, there- 
fore, cannot be fully utilized in proportioning the connection. 

What has been stated herein, concerning stress concentration on rivets, 
of course, holds generally true for all “hard points”; that is, for all places 
where the material encounters concentrated resistance. The same phenomenon 
is developed where the shape and area of the material change abruptly and 
the flow of stress is contracted and “choked.” In such cases, the same as in 
riveted joints, it is desirable that the initial distributed stress be low and 
that the material should be able to adjust itself to the conditions. The 
development of photo-elastic studies in recent years has demonstrated, force- 
fully, the phenomenon of stress concentration. 

The writer has dwelt at some length on the physical limitations of higher 
strength steels with the intent to emphasize the restrictions that may have 
to be imposed and to dampen the enthusiasm that the stronger material 
is likely to evoke. . 


Usts ror Higu-Strenctu STEELS 


Modern economic, social, and technical development has brought people 
closer together in space and time than ever before in human history. The 
co-ordination of human efforts has brought together Man and mechanism. 
In the incessant endeavor to satisfy the ever-increasing demand for physical 
goods and to make the comforts of life accessible to the many, structures 
of great magnitude and capacity often become desirable as connecting links 
in production and distribution. Such structures and machines sustain 
heavier masses, move more freight, cross large rivers and wide bays, and 
lift up their spires into the skies. Because of their functions and of their 
magnitude they must sustain great forces, and materials of high strength 
are required for their construction. 

Bridges with long spans require large members and, therefore, weigh 
more. Their stresses can be sustained by high-strength steel, with less 
material and at a lower cost. Tall buildings for special purposes, such as 
the Palace of Soviets, in Moscow, U. S. S. R., are subjected to high 
wind pressures and stronger steel will find its proper application for the 
skeletons of such structures. Derricks of large capacity and long-span 
cranes, and bridge members which are utilized during the erection of the 
structure and sustain great forces, may profitably be built of steel stronger 
than the common carbon steel. Wherever the demand for sustaining great 
forces will appear, necessity will compel the use of stronger steels indepen- 
dent of its economy. Where technical conditions of fabricating shops and 
facility of erection in the field will demand lighter sections and lighter 
members, higher strength steels will be applied. Their widest field of 
application, however, is in the reduced cost of the structure. 

Engineering Economy—l\n discussing the economy of large structures 
several interpretations and meanings of the word should be considered. 


1300 EVOLUTION OF HIGH-STRENGTH STEELS Papers 


There is an economy inherent in the design of a structure which is part 
of the play of forces acting in the structure under load and of the arrange- 
ment of the sustaining members and their suitability to perform the func- 
tions which the behavior of the structure will demand. This economy is 
a measure of the mechanical fitness of the structure for its intended pur- 
pose. It is independent of the market price of the material and labor 
required to build it, and may well be designated as structural economy. 
Structural economy forms only a part of the engineering economy of a 
structure. The latter consists in utilizing for its various members such 
materials and shapes as will result: in the lowest cost of the completed 
structure. 

There is also another very important aspect of economy, namely, 
financial economy. In this economy enter considerations of the amount of 
capital invested in the project and the prospective life of the structure. It 
depends much on the prevailing rates of interest. It also is based on the 
economic organization of society in a given country. It is largely, however, 
through the development of engineering economy that higher strength steels 
will find their application and the field of stronger steels will be extended. 
The expansion will depend largely on the cost to the mills of the ingredient 
alloys which enter into the higher strength steels. It will depend on 
whether these alloys will be plentiful in the market or will be controlled 
by monopolies. It will also depend on the available processes of manu- 
facturing and fabricating the stronger metals. 

Improper Use of High-Strength Steels—To realize engineering economy 
in structures fully, and to produce them at a lower cost, careful considera- 
tion must be given to the desired result in each case. Not only the first 
cost, but also the behavior of the structure under load, and its maintenance, 
should be weighed carefully. _ 

A number of large bridges have been cited for which higher strength 
steels have been used, and an attempt has been made to give the reasons 
that have guided the engineers to adopt these steels. A few telling exam- 
ples, out of many, will be brought to show instances in which higher 
strength steel has led to improper or uneconomical design. 

In one instance an arch bridge of 140-ft span, of the plate-girder type, 
was designed. Its total steel weight was less than 200 tons, about one-half 
of which was of silicon steel. The arch ribs were made of 36 by 3-in. webs 
and four flange angles, 6 by 6 by 4 in. The ratio of the unsupported depth 
of plate to its thickness was 65. The web-plate was in compression and was 
manifestly too thin against: buckling; it had to be thickened. Instead of 
using silicon steel, standard carbon steel should have been used. In general, 
it is not economical to use silicon steel for a short span of 140 ft. This 
case illustrates the physical and economical limitations in the use of silicon 
steel. 

In another instance the designers evidently were aware of the buckling 
limitations of carbon steel and desired a compact section. They designed 
it, however, in an impractical manner. A highway bridge of the cantilever 
type was planned with a main span of about 800 ft. The chords were of 
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silicon steel and of the enclosed box type with angles turned in. The 
outside dimensions were 184 by 244 in. The minimum section carrying 
stress was composed of one top cover, 18 by 3%; in., four angles, 4 by 4 
by 3%; in., two web-plates, 24 by ys in., and one bottom cover, 18 by 2 in. 
In the maximum sections the top cover-plates and the upper angles were 
thickened to 8 in., the web-plates to $ in., two side-plates, 15 by #2 in., 
were added, and the bottom angles were made 4 by 4 by # in. For riveting 
purposes and for painting, manholes, 8 by 24 in., were provided in the 
bottom cover-plate. The clear inside dimensions were thus about 12 by 20 
in. for the heavy section. It is very difficult, if not dangerous, at the large 
joints, to put a man in these chords to do field riveting. The small box-sec- 
tions also prove to be expensive both in the shop and in the field. Not- 
withstanding the constricted section of the chord, the ratios of depth to 
thickness of the thinner web-plates are somewhat high for silicon steel. 
In this case larger dimensions of chords would have provided more 
accessibility for riveting and painting, and the use of carbon steel would 
have furnished well-designed and economic chord sections at a lower total 
cost. : 

A third instance of the uneconomical use of stronger steel consists in 
using silicon steel indiscriminately at random points in carbon-steel trusses. 

In a fairly large bridge of the cantilever type there is a suspended span 
of 150 ft. All members in this span were designed of carbon steel except, 
one bottom-chord section which was made of silicon steel. It was made of 
two web-plates, 20 by 4 in., and four angles, 4 by 4 by 7% in. By thickening 
the material to about § in. this section could also have been made of 
carbon steel and the total cost of the section would have been less. In this 
ease a critical review of the material used would have disclosed to the 
engineer at once that the introduction of silicon steel in one chord section 
was not good economy. 

Tt may be well to point out that, although for a large tonnage fabricated 
silicon steel in place will command a differential of $12 per ton, for 
smaller tonnage the extra charge will be greater. Where the weight of 
each individual shape is less than 20 tons, the extra charge is $15 per 
ton. For plates smaller than 36 in., the differential is $10 and for plates 
larger than 36 in., it is $15. Silicon-steel bars of various sizes in quantities 
of less than 1000 lb will cost $95 to $35 per ton extra. The higher extra 
charges for the smaller quantities are due to the care required to segregate 
and follow the small quantity of the special steel and to the difficulty 
of replacing from stock any items rejected during fabrication. 

The foregoing examples of actual practice have been cited not in the 
spirit of criticism, but with the purpose of calling the attention of engineers 
to the possibility of errors of judgment and oversight and to establish 
warning signals. 

CoNncLUSION 


The progress of the more civilized part of humanity has led to the 
growth and concentration of population in large cities. At the same time, 


13802 EVOLUTION OF HIGH-STRENGTH STEELS Papers 


it has created an enormous demand for rapid and economical transporta- 
tion of large masses of freight and of great numbers of passengers. Among 
other efforts it has created a demand for bridges of large capacity over 
wide rivers. Engineers in their untiring search to meet the demands of 
growing communities and industry have successfully made use of a few 
higher strength steels which they have developed and found available. 
The field for the application of such steels appears to be extending and 
standardized specifications have been established for the use of manufactur- 
ers and engineers. The varieties of alloy steels of higher strength are by 
no means limited to the few which have actually been used in structures in 
the United States. At present, a number of high-strength steels have been 
developed and are available on the market. Many more will be produced 
to meet the demand. It is the task of the engineer to follow the develop- 
ment of materials and to utilize them to the best advantage. At the 
same time, it is incumbent on him to study the physical and economical 
limitations of the higher strength steels and. to determine carefully in each 
case the best advantage that may be derived from their use. 

Much effort is being made at present to increase the pay load on freight- 
carrying vehicles. While materials are being developed to reduce the dead 
weight of cars and trucks, the pay load, that is, the weight of the freight 
carried, will be increased and the tendency is strong to increase the total 
weight of the loaded vehicle. To be able to compete with freight trans- 
portation on highways, railroad officials aim to reduce the cost per ton 
carried. With the present tendency to higher cost of labor, the cost per 
ton carried must be held down by mechanical efficiency. The result will 
be heavier trains pulled by heavy locomotives, for which heavier bridges 
will be required. This is evidenced by the latest specifications for railway 
bridges. On the other hand, the growth of automobile traffic has made 
long-span bridges economically feasible. Engineering science, the art of 
metallurgy and fabricating technique, and erection skill will make it pos- 
sible to build them economically in greater numbers. During the two 
decades, 1916 to 1936, the span of bridges has been more than doubled. 
Engineers have attained a span of 4200 ft and will surpass it in the 
future. The use of stronger steels for structures has been intimately con- 
nected with the progress of bridge construction and will so continue. 
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THE APPLICATION OF STAINLESS STEEL IN 
LIGHT-WEIGHT CONSTRUCTION 
By E. J. W. RAGSDALE*’, Esq. 


SyNopsis 
In a broad sense, this paper covers the applicability to light construction 
of the two major types of stainless steel and then describes briefly the general 


problems’ of design, fabrication, and usages. Questions of plate stability, © 


efficiency of spot-welded connections, and the economic phases of a relatively 
costly material are lightly touched upon. Although these seem to merit a more 
expansive treatment, the danger of such expansion is always that the paper 


may be thrown out of balance. 


STAINLESS STEELS 


The structural engineer need concern himself little about the metallurgy 
of the materials he uses. His purpose is to define requirement, and then to 
select the materials best suited to it. That selection is made on the basis 
of established properties, which become accepted values. The only concern 
is that these properties be not disturbed by continued use or by the processes 
of manufacture. So much appreciation of metallurgy must the structural 
engineer have. 

When consideration, however, involves the innumerable alloys listed under 
the name of stainless steel, a mere appreciation of metallurgy no longer 
suffices. The structural engineer had then best invite the close co-operation 
of the metallurgist. No less than a dozen different alloys present themselves. 
Aside from a pronounced resistance to corrosion, they have little in common. 
Some owe their strength to heat treatment, others lose it thereby. Some are 
inherently stainless, whereas others are only stainless under certain conditions. 

Fortunately, a structural application of stainless steel has already developed, 
and, through this, the choice of alloys becomes narrowed. Outstanding is a 
chrome-nickel alloy (18-8), that has been described in detail by Mr. M. J. R. 
Morris, inthis Symposium”. Asa poor second is a straight chromium steel with 
from 12 to 17% chromium content. Requirement and the process of fabrica- 
tion will determine the applicability of each. The first owes its high physical 
properties to cold working, and, by the same token, may lose them by welding. 
The other improves by heat treatment, which treatment automatically cor- 
rects the effects of any previous welding operation. Therefore, it becomes 
quickly apparent that the feasibility of heat treating a finished structure may 
determine the choice. Further considerations will be cost and strength. The 
cost of the chrome-nickel steel is about 50% greater than that of the chromium 
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steel, and, at the same time, it is cold rolled to a 50% greater strength. An 
even greater advantage, however, lies in the susceptibility of chrome-nickel 
steel to good and cheap fabrication. 

Perhaps a very general distinction may be made by stating that the chrome- 
nickel steel is better suited to the requirement of light-weight construction, 
whereas the chrome iron offers a corrosion-resistant substitute for carbon 
steels in more conventional design. 


Design PRoBLEMS 


Light-weight construction has as its premise a more effective use of a more 
effective material. This indicates a wider spread of material, and, at the same 
time, a lesser material requirement. Both result in a reduction of the usual 
thicknesses, and herein lies a problem. 

It is an old and convincing trick to illustrate structural stability by 
trying to stand a piece of paper on edge and then showing how this same 
sheet increases in load-carrying capacity as it is rolled into cylinders of smaller 
and smaller diameter. The limit is fitially reached when the tube becomes so 
small as to lack column stiffness. A compromise position then results in a 
larger tube and a stiffened wall. This thin wall may be strengthened by 
structural members, by longitudinal corrugation, or by both. The ultimate 
effectiveness is reached when the column becomes a series of vertical mem- 
bers, mutually cross-braced. The wall has disappeared. 

This question of wall or plate stability, however, has already been investi- 
gated, especially in connection with bridge construction. It becomes only 
more acute as the ultimate strength of metals is raised from 75 kips per sq in. 
to twice that value, and when thicknesses are measured in thousandths of an 
inch rather than in quarters of an inch. Tn this case, the question of relative 
flatness complicates an already complex mathematical treatment. The obvious 
solution becomes empirical and toward this end a curve on the so-called “flat 
pitch ratios”, has been developed with which it is possible to compute the 
stability limit in compression of any closed section that is made up of a series 
of flat surfaces. The “flat pitch ratio”, q, is the relation between the unsup- 
ported width of a flat surface and the total wall thickness ; that is, 


q 
4 ee Maes MM ge rerear ee toce! sae (5) 


Taking this value for the widest face of the section, Fig. 36 will show at what 
percentage of the ultimate strength of the metal, that particular face begins 
to undulate under compressive load. (The abscissas are plotted as ratios of 
ultimate compression stress, Tc, to ultimate tensile stress, Tt-) 

Quite obviously, therefore, a metal of high tensile strength must be formed 
into sections that permit a stressing commensurate with its superior strength. 
An I-beam, for instance, may develop stresses up to the limit of mild steel, 
but if made of a steel having a working stress three times greater, the beam 
might collapse through instability long before that stress was realized. There- 
fore, the sections suitable for one metal cannot be extended arbitrarily for 
the use of another. Light-weight construction therefore, has brought into 
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being a series of new and more efficient sections. These sections are largely 
of the closed-box type, or efficient open sections which are locally stabilized 
by stiffeners. Some are formed by rolling from a strip, whereas others are 
fabricated. 
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Fig. 37(a) and Fig. 37(b) are compression truss members, and Fig. 87(c) 
and Fig. 87(d) represent floor-beams. All of them (and, in fact, most sec- 
tions in use) will develop at least 100 kips per sq in. on the compression side; 


that is, when they are made of chrome-nickel steel, having a fensile strength 


of 150 kips per sq in. The prevalence of square-faced sections is due primarily 
to the relative ease of subsequent assembly. 
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Computed on a weight-to-strength ratio, such sections in material of high 
tensile strength, will be found to be from seven to ten times better than the 
conventional profiles of mild steel. One-half the advantage comes from 
the superior metal strength, and the other half from a more effective placement 
of that metal. Of course, this ratio relates to relatively small sections, such 
as 6-in. channels or I-beams, and becomes less apparent when compared to 
the efficient girders, such as obtain in bridge construction. 

Efficient and strong as these individual sections may be, however, they are 
useful only to the extent that their connection, one with another, is equally 
efficient. Attachment becomes a problem, both as to area and avoidance of 
eccentricities. In fact, the same care and design exercised in large bridge 
structures must be interpreted into use for smaller and lighter ones of high- 
strength metal. Double gusset--plates, nested member ends, and efficient bond- 
ing, or joining, become necessary. These requirements again demand close 
attention to sequence of assembly and to accessibility of welding or riveting. 
The latter is complicated to the extent that the structure may be small or 
truly efficient. It is further aggravated often by lack of appreciation of shop 
procedure. A seemingly. simple connection on paper, may baffle a Houdini in 
assembly. 

Even when a type connection may be decided upon, there still remains, 
however, the question of providing sufficient bond. This bond may be by 
rivets, or by the fusion of faying surfaces as in welding. In either case, the 
function of the bond is always to resist straight shear. A definite practice has 
been established for this function in rivets and mild steel. It is not translat- 
able immediately into high-strength material for the simple reason that rivets 
of correspondingly stronger physical properties cannot be applied. The requi- 
site increase of shear is more aptly obtained by welding. This offers possibility 
of a 100% efficient joint. It involves, however, many new considerations of 
design and shop technique. 


WELDING 


Nothing is simpler than to calculate the strength of a welded connection, 
and few calculations can be more misleading. The difficulty lies in the assump- 
tions. In the first place, one assumes that the weld is good, and, in the second, 
that the primary forces still govern. An improved welding technique has done 
much toward establishing welding certainty, but the relief of heat-induced 
stress concentrations in and about the welded area remains a problem, the 
solution of which differs for each individual case. 

Although both chrome-nickel steel (18-8) and the chromium steel can be gas 
welded, are welding is becoming the more favored of the two processes. It 
must be recognized, however, that either procedure is a severe heat operation 
and that these alloys are peculiarly responsive to such treatment. No respon- 
sible are welding should be done, therefore, without subsequent heat treatment. 
This is not with a view to relieving stresses so much as to correct an impaired 
metallurgical condition in the weld and the adjacent metal. Since the chrome 
irons are usually improved by heat treatment, not only is the weld corrected, 
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but the entire structure becomes benefited. Are welding is strongly recom- 
mended for the straight chrome series, but the limitation of heat treatment 
also confines the practice to such structural members as may be susceptible 
to this treatment. These members are usually small and simple pieces, such 
as will not warp under the application of a high heat. 

With chrome-nickel steel there are two difficulties attending are welding. 
In cooling through the critical temperature gradient of from 1 200° to 1 600° F, 
carbides are precipitated. These carbides can only be returned to solution by heat- 
ing to more than 2 000° and quenching. Then, again, chrome-nickel (18-8) owes 
its superior physical properties to cold working, and these properties are auto- 
matically reduced by either the heat of arc welding or the corrective re-heat 
treatment. Since this metal in the annealed state only shows an elastic limit 
of about 34 kips per sq in., its utility in highly stressed members is, therefore, 
defeated by arc-welded assemblies. 

Thus far, the happiest solution for the joining of chrome-nickel steel 
appears to be found in a special system similar to that of ordinary spot weld- 
ing. In principle, however, it differs by the establishment of such controls of 
current, time, and electrode pressure that the metal-remains metallurgically 
unimpaired. This is made possible by the discovery that both carbide precipi- 
tation and the annealing of the metal adjacent to the zone of fusion are 
functions of the time of heat application. With a quick application of heat 
and a rapid cooling, neither of these undesirable phenomena appear. Welds 
may be made in as brief a time as one-half cycle, or ;4, sec. Rarely does 
the time of current dwell exceed ten cycles. 

However, the process does not correct an inherently insusceptible condition, 
such as obtains in the chrome irons. In the latter case, regardless of the 
method of fusion, the bond is coarse-grained and brittle. It can only be 
corrected by subsequent heat treatment. 

Chrome-nickel steel, on the other hand, is strangely susceptible to good 
welding. Its every property seemingly conspires toward this method of bond- 
ing. Recalling that in resistance welding the heat generated is expressed 
as I°R t, the item, R, which is the electrical resistance imposed between the 
electrodes, assumes basic significance. With corrodible metals, R sums up 
the resistance of the body of the metal as well as that of the oxided sur- 
faces. The latter not only varies widely with the extent of oxidation, but is 
usually many times greater than the resistance of the pure metal itself. There- 
fore, R is not a constant, and no matter how accurately controlled current and 
time may be, the resultant heat will vary. With stainless steel, the surface 
resistance is small and constant. Furthermore, the basic resistance is about 
Six to eight times greater than that of mild steel. Accordingly, the current 
or time required for a given fusion is less. 

Fusion initiates at the inner contacting surfaces of two or more sheets, 
and progresses outward in proportion to the total heat applied. Such is the 
heat-conducting property of the electrodes, however, that it can reach the out- 
side surfaces only in the case of a badly burned weld. The shape and depth of 
the fused button are important. Although the diameter determines the area 
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in shear, the penetration of the fusion into each adjoining sheet holds these 
sheets together much the same as the heads of a rivet. A shallow weld lacks 
tenacity; one that extends entirely through the sheets will invite corrosion. 
The control of weld shapes lies in the proper -setting of the welding machine, 
which, in turn, is determined as a result of many tests with sectionalized and 
etched specimen welds. 

Having established a proper welding practice, the next step isto insure a 
strict observance of such practice, because when welding becomes an element in 
structural procedure, the same standard of reliability is required of it as of 
the materials to be so bonded together. This seemingly ever-present problem 
in welding of any kind, has been solved in the special system herein cited, 
by use of a simple, but unique device for integrating the function, I°R t, for 
each weld made. Any departure from the allowed tolerance rings a bell in the 
welder, and the result of each weld made or failed is recorded on a tape. Welds 
cannot be judged from the outside and, without the device mentioned, the 
operator is really working in the dark and beyond the scope of inspection. 

On the other hand, how to make a weld is one thing; what it is worth is 
another; and therein is found again a remarkable property of chrome-nickel 
steel. The fused metal has been subjected to the very treatment recommended 
for annealing to a dead soft condition. Its tensile strength is 90 kips per sq in. 
More remarkable, however, is the fact that its shear strength is also 90 kips 
per sq in. This means that one weld has twice the strength of a rivet of like 
diameter, and since welds can also be placed closer together than rivets, a much 
more efficient joining results. Single lap-joints can easily show 85% efficiency, 
against 60% in good riveted connections. Just what stress distribution takes 
place in and about a welded joint, however, remains a neat problem to engage 
the ingenuity of some physicist. 

When the conventional rivet hole is replaced by a metal softer than 
the surrounding sheet, and when this soft metal also assumes resisting capacity 
in tension with the sheet, it is difficult to visualize the proportion and paths of 
the lines of stress. However, the philosophy of welding is so engaging that 
one is likely to overlook the only practical consideration which makes this 
form of welding at all applicable to high-strength chrome-nickel steel (18-8). 

_ The point seems never before to have been emphasized; that is, that welding 
pressures can be used which are sufficient to draw the sheets closely together. 
In mild steel no such pressure is required because the steel is soft. Were such 
pressure necessary, the electrodes would break through the surface scale and, 
in thus reducing the resistance, would make for no weld. This phenomenon is 
known. With chrome-nickel steel, the electrode pressure is often more than 
2 kips for a 4-in. weld in two 16-gage sheets. 

The overlapping of individual spots to form a gas-tight joint is known 
as seam welding. The same principle applies in this case, but pointed elec- 
trodes are usually replaced by rollers. So many considerations are involved, 
however, that this form of welding must be approached with a full apprecia- 
tion of the difficulties. The problem is too specialized to be more than 


mentioned in this paper. 
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APPLICATIONS 


Perhaps the first structural application of chrome-nickel steel was in con- 
nection with aircraft. The fact that it could be cold rolled to tensile strengths 
greater than 200 kips per sq in. and used in thin sheets without fear of corro- 
sion, had a strong appeal. Some research has also been made in connection 
with bridges. This has been confined mostly to roadways and decorative 
effects. A much wider application awaits development. Weight reduction 
also has its place in this connection, not to mention the elimination of the high 
cost of painting in difficult and inaccessible places. 

The development in marine structures has been far wider. It is generally 
known that warships have become weight conscious almost to an extreme limit 
and that deck-houses, masts, smoke-stacks, and bulkhead doors constitute only 
a beginning in the program. Several million pounds of chrome-nickel steel 
have already been used in this connection and the ultimate is not yet in sight. 
Nor is the interest confined to naval vessels; the merchant marine has also 
discovered that stainless steels have their definite uses. The installation of 
storm windows on the S. 8. Normandie, for example, is but a modest beginning 
of the use to which the material can be applied economically and well. Add to 
the high strength and to the non-corrosive property of chrome-nickel steel a 
heat resistance almost as remarkable, and it becomes apparent that this type 
of stainless steel fits into the marine requirement as has no material of the 
past. Although the cost causes an initial hesitancy, this will be overcome as 
soon as ideas become adjusted to true economic worth. The present (1936) 
cost of chrome-nickel steel” is about 30 cents per lb. No wonder that struc- 
tural engineers may hesitate, especially when alloyed steel for bridges is only 
a fraction more than 1 cent. Translate weight into motion, however, and 
metal costs become ridiculous. Dirigibles and some heavier-than-air craft 
cost as much as $20 per lb. Designers of automobile trucks and trailers con- 
sider that a pound saved and converted into pay load may be worth $1 per yr. 
Every extra pound in a Diesel-electric train carries 30 cents for additional 
power and equipment cost. : 

Most spectacular have been the developments in the application of chrome- 
nickel steel to railway cars, and, by the same token, the most publicized. 
Rarely have the results of research been more timely. With. the railroads 
struggling under the weight of their own rolling stock rather than that of 
pay loads, and with a depression to emphasize the condition, an improvement 
was indicated—not just a slight betterment, but a radical one. It was typified 
by the first Zephyr train, the phenomenal performance of which has stimu- 
lated efforts not only along this line of construction, but in other directions as 
well. The field seems wide open for any material superior to mild steel. 
Ingenuity of design vies with ingenuity of cost argument, and the main objec- 
tive is often lost from sight. This object in the case of the Zephyr, was to 
reduce the weight of a railway car to substantially one-third that of a heavy 
passenger coach, and to do so without sacrifice of strength or comfort. The 
ig ee 


” See “Stainless High-Alloy Structural St re 
Gio tncinies to. Hest ie eels’, by M. J. R. Morris, Table 4, Items Nos. 
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three cars of the Zephyr, without the power plant, weighed 160000 Ib. Con- 
ventional railroad coaches weigh from 130000 to 160000 lb. So nearly was 
that part of the objective attained. Then, with a reduced mass, so were 
destructive forces also reduced. In a million miles of high-speed operation 
by these Zephyr type trains, and not without exposure to damage, there has 
been neither structural failure nor weakness. A more severe test of a com- 
paratively new structural metal and a new method of fabrication can scarcely 
be imagined. It assumes a significance which should be more convincing 
than the listing of physical properties, or the discussion of welding merits. 

Just what share of future railroad building will be enjoyed by stainless 
steel cannot, of course, be predicted. More certain seems the prediction of a 
prominent railroad consultant, to the effect that the last heavy railway car 
has been built. With this great industry becoming weight conscious, and with 
an inevitable building program ahead, the only limit to the part that can be 
played by stainless steel appears now to be one of facilities and organizations 
capable of handling it. 

Stainless steel will open other lines of possible utility, as the knowledge of 
its uses is extended. An excellent book” published in 1935, contains a descrip- 
tion not only of the properties and methods, but of the width of the fields 
already attempted. That this field is so sparsely covered reflects merely upon 
a lack of applied research; for instance, the structural application of chrome- 
nickel steel owes its development almost entirely to the efforts and enthusiasm 
of one man. The staff of engineers which he could afford to divert from his 
normal business in order to prosecute this development was pitifully small. 
The temptation to follow each new promising lead has been great, for they are 
promising—all of them. They require development, and this needs only time 
and enthusiasm, for the foundation work in stainless steels has now been done. 
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STRUCTURAL APPLICATION OF 
ALUMINUM ALLOYS 
By E. C. HARTMANN,” Assoc. M. Am. Soc. C. E. 


Synopsis 


The aluminum alloy most frequently used for structural purposes is 
described in this paper from the standpoint of the designing engineer. The 
composition, properties, and forms available are given. Shop fabrication and 
workmanship are described to show that the practice differs very little from 
that for ordinary steel fabrication. The recommended design stresses for ten- 
sion, compression, shear, and bearing are included, and the problem of design- 


- ing to take advantage of the lighter weight is discussed. The paper is 


concluded with a brief study of the economics of the use of structural alumi- 
num, indicating the extent of the extra costs and in what fields such extra costs 
may be justified. 


CHARACTERISTICS OF StRUCTURAL ALUMINUM 


The engineer interested in minimizing dead weight will find commercially 
available to-day more than a dozen aluminum alloys which have been used 
structurally. Each of these alloys, some wrought and some cast, is fitted for 
some particular field of structural work by virtue of its properties. The selec- 
tion of the proper alloy to be used in any particular case, involves a number 
of problems outside the scope of this paper, and, therefore, in order to avoid 
confusion, the writer will confine himself principally to the wrought aluminum 
alloy which has been most commonly used in the structural field. This alloy 
(17S8-T)® is of the duralumin type.” 

Tt contains® nominally 95% of aluminum, 4% of copper, and 0.5% each of 
manganese and magnesium. It is a heat-treatable alloy and is never used 
structurally except in the heat-treated condition, when it develops the follow- 
ing typical properties: 


Weight, in pounds per cubic foot..........+-+++-- 174 
Ultimate tensile strength, in kips per square inch.. 58 
Yield strength, in kips per square inch............ 35 
Percentage elongation in 2 iM............-e+eeee 20 
Ultimate shearing strength, in kips per square inch. 35 
. Shearing yield strength, in kips per square inch.... 20 


® Research Hngr., Aluminum Co. of America, New Kensington, Pa. 

The symbols in parentheses denote the trade designation by which the alloy is 
commonly recognized. 

% Tentative Specifications B78-33T and B89-33T, Am. Soe. for Testing Materials. 

% “Light-Weight Structural Alloys’, by Messrs. Zay Jeffries, C. F. Nagel, Jr., and 
R. T. Wood, Table 6, Item No. 6, p. 1217, and Table 8, Item No. 6, p. 1225. 
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Modulus of elasticity in tension and compression, in 


pounds per square inch........0..-eecereveree> 10 800 000 
Modulus of elasticity in shear, in pounds per square 

TIACH Es hisi ke ott seepeqsiel ext coie, sitezeusjsa. ome o etievavetohe eatin Mate keneaeys 3 800 000 
Coefficient of expansion, in degrees per degree 

Hahrenheit ©... :</s%c0 fie «\cisne tl sieteatelanlctee s esuetereiats nus 0.000012 
IPOISSONISETALIO cies s Dense tts clove ooo cuenta tel coter creates 0.33 


The yield strength is defined as the stress which produces a permanent set 
of 0.2% of the initial gage length” (see Fig. 38). a 

The guaranteed minimum properties for this material (in kips per square 
inch) are, as follows: 


fees imat Yield point 
Description. rebel nails strength. 
Platessast ete ee BB. OSPR TG Se eA? 
Structural shapes....... BO ear Sees hatnk ot Sateen. 


Fig. 38 is a typical tensile stress-strain curve for the material. 


‘ Ultimate Tensile Strength 
58.5 Kips per Sq In- 


40 


30 


“7 Lo 


Tensile Stress, in Kips per Square Inch 


5 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180 0.20 
Strain in Inches per Inch 


Fic. 38.—TypicaL STRESS-STRAIN CuRVE FoR STRUCTURAL ALUMINUM 
(Data TAKEN FROM 0.5-INCH ROUND SPECIMEN.) 


Structural aluminum is produced in the form of sheets, plates, structural 
shapes, rods, bars, rivets, tubing, and forgings. In the form of plates, widths ‘ 
as great as 120 in., thicknesses as much as 1 in., and lengths as great as 35 ft 
are available, with a weight limitation of 2 kips in any individual piece. In 
shapes, structural aluminum (17S-T)"™ is available in the form of angles as 
large as 6 by 6 in., channels as deep as 12 in., I-beams and H-beams as deep 
as 8 in., and Z-bars as deep as 5 in. Many of the structural shapes are avail- 


able in lengths as great as 85 ft, but some of them have a length limitation 
of 35 ft. 


Fasrication or Structura, ALUMINUM 


Structural aluminum can be fabricated in the ordinary shop with 
practically no departure from commonly accepted good practice for other 
* Specification H8-33, Am. Soc. for Testing Materials. 


pacha 
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structural metals. The material can be cut by shearing or sawing, the use 
of the burning torch being prohibited, as it would be for any other heat- 
treated material. It can be sheared with equipment ordinarily used for steel. 
Both band and circular saws are used for sAwing, and a lubricant or soluble 
cutting compound is recommended. High-speed metal-cutting band-saws, or 
heavy-duty wood band-saws with blade speeds of about 5000 ft per min, are 
quite satisfactory. Circular saws with hollow ground blades are satisfactory 
for light work, but for heavy work the teeth should be swaged in order to 
provide clearance and prevent over-heating. Coarse-toothed blades should be 
used for both band and circular saws, and the teeth should have no top rake. 
With circular saws, a peripheral speed of 12000 ft per min is recommended 
for the best results. 

Structural aluminum can be worked cold to a limited extent. To obtain 
the best results in cold bending, it is necessary to have all tools in good condi- 
tion, and to minimize friction between the tools and the metal that is being 
formed. The metal itself should be free from nicks and scratches, particu- 
larly along the edges, and the radii for all bends should be as large as practical. 

For difficult forming the metal should be heated, but this should not be 
undertaken unless equipment for accurate temperature control is available. 
Heating the metal to a temperature of 300° F improves the cold-forming char- 
acteristics somewhat and does not seriously affect the properties of the finished 
piece, provided the metal is heated less than 380 min. For more difficult 
forming, however, it is usually necessary to heat the piece to the heat-treating 
temperatures, 930° to 950° F. Such heating, of course, reduces the mechanical 
properties of the metal unless it is followed immediately by a suitable quench. 
In the ordinary heat treatment of the metal this quench is provided by imme- 
diate immersion in cold water, but since such a quench usually results in 
objectionable distortion, it is not generally utilized in the fabrication shop 
unless some means of straightening the finished piece is available. The more 
common method of providing a quench in the fabricating shop is to transfer 
the metal quickly from the heating medium to the forming die, which should 
be cold and of sufficient size to chill the metal thoroughly and suddenly during 
the forming operation. Since the metal is thoroughly supported and held in 
alignment by the die, the finished piece is not distorted. 

It is clear from the foregoing that, in order that structural aluminum 
may be hot-formed successfully, it is necessary to have suitable heating equip- 
ment with accurate temperature control. Some fabricators of structural 
aluminum have found it desirable to install such equipment, but in other 
cases, where only a few pieces require forming, arrangements have been made 
to have such forming done at the plant of the producer of the metal prior to 
shipment. The engineer who appreciates the difficulties of forming and bend- 
ing will make an effort, of course, to minimize the number of pieces that 
require such treatment, or he will try to limit such pieces to low stressed por- 
tions of the structure so that they may be made from one of the lower strength 
alloys having better forming characteristics than the particular structural] 
aluminum alloy (178-T), described in this paper. 
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Rivet holes in structural aluminum may be drilled, punched, or sub- 
punched and reamed as desired, although drilled cr reamed holes are preferable 
to punched holes. For reaming, the taper bridge reamer with spiral flutes is 
recommended. 

Most aluminum alloy structures, particularly those involving the larger 
sizes of shapes and plates, are riveted with hot-driven steel rivets. The heat- 
ing effect of the individual steel rivets is dissipated very quickly by the excel- 
lent thermal conductivity of the metal, so that the strength of the aluminum 
parts adjacent to the rivets is not affected adversely. Some fabricators have 
adopted the precaution of driving steel rivets at random, particularly in loca- 
tions where they are closely spaced, to minimize the heating effect. 

Aluminum alloy rivets have been used successfully in a number of struc- 
tures, particularly in, sizes smaller than 3 in. which can be cold driven success- 
fully. When it is necessary to use them in the larger sizes, the driving is 
done hot, and, again, it is necessary to have suitable heating equipment avail- 
able. The hot-driving of aluminum rivets is very similar to the die-quench 
hot-forming operation previously described; that is, the rivets are inserted 
in the hole and driven immediately after removal from the heating medium so 
that a satisfactory quench is effected by the contact between the rivet and the 
relatively cold tools and metal around the hole. Some fabricators have success- 
fully adopted the aircraft practice of driving cold rivets of structural alumi- 
num (17S-T) in their semi-soft condition, immediately after heating and 
quenching, natural aging bringing the strength of the finished rivets up to 
maximum value over a period of three or four days. In general, however, 
the additional weight saved by the use of aluminum rivets has not been con- 
sidered sufficiently important to cause them to be generally adopted instead 
of steel rivets. 

The welding of structural aluminum, like that of most heat-treated mate- 
rials, has not developed to the stage where it may be utilized to replace rivets. 
The heat of welding tends to anneal the metal adjacent to the welded area, 
greatly reducing the strength. When welding is necessary in aluminum con- 
struction, one of the lower strength alloys particularly suited for welding is 
used instead of the standard alloy treated in this paper (17S-T). This applies 
principally to tanks and light framework rather than to the larger structures. 

Aluminum structures should be painted thoroughly, particularly when they 
are to be used in locations in which the corrosive conditions are severe or 
uncertain. The procedure generally recommended is to use a priming coat 
containing a substantial quantity of zinc chromate in a synthetic resin 
vehicle, applied to all surfaces of the structural parts and allowed to dry before 
assembly. All parts should be clean and dry, of course, before the application 
of the priming coat. Following the riveting operation, all rivet heads and 
adjacent parts should be touched up with the same primer. It is common 
practice to use at least two protective coatings of aluminum paint over 
the primer, and care should be taken to work the paint in well around the 
rivet heads. 

No discussion of the fabrication of light-weight structures can be complete 
without proper consideration of workmanship. When aluminum alloys are 


ame = 
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utilized in a structure, it is generally for the specific purpose of reducing dead 
weight, and, therefore, one may logically assume that great care will be exer- 
cised in the design to produce a given result with the least possible material. 
Any such design deserves and should receive: the most careful attention from 
the standpoint of workmanship. This means, of course, that: (1) Tools should 
be kept in first-class condition; (2) that holes should be round and no larger 
than necessary; (3) that edge distances should be carefully maintained and all 
edges should be well dressed to avoid notches and roughness; and (4) that 
all material should be handled in the shop work so that surfaces and edges are 
protected from dents and other injurious accidental defects. It is important 
that all re-entrant corners be provided with suitable radii to avoid stress con- 
centration, and that rivets shall not be over-driven. In short, the fabricator 
should observe all the well-known rules of good structural metal practice as 
set forth in standard specifications in order that the excellence of the shop 
work may be commensurate with the care exercised in the design, and may 
contribute to the weight saving expected by the designer. 


Designing witH StrructuraAL ALUMINUM 


In preparing the design of any structure the engineer, of course, must be 
familiar with the properties of the materials being used and the behavior of 
those materials under different stress conditions. Unfortunately, it is not 
always possible for the designing engineer to obtain this knowledge through 
first-hand experience in actual handling and testing of the materials, and, 
therefore, he must rely on other sources of information. Generally, he depends 
for his knowledge of the behavior of any material on some prepared set of 
specifications which limit the working stresses in the structure to values which 
are known to be safe on the basis of available test results, theoretical studies, 
and the experience of those engineers most familiar with the material. 

In the case of aluminum alloys, particularly the standard product (17S-T) 
herein described, a wide variety of tests is available indicative of the struc- 
tural behavior of the metal, as well as a considerable background of experience 
in its structural application. Although it is beyond the scope of this paper to 
go into detail regarding either of these interesting phases of the development 
of structural aluminum, the writer and his associates have drawn heavily on 
both in the preparation of the following design stresses. Theoretical studies, 
such as those by Professor S. Timoshenko”, have also played an important part 
in the selection of suitable formulas. 

These design stresses represent a factor of safety of at least two against 
permanent set and buckling, and a factor of safety of at least three against 
ultimate failure. In each case an attempt has been made to express the allow- 
able stress in such a way that the designer has maximum freedom from arbi- 
trary limitations so that he may exercise his ingenuity to the fullest extent in 
obtaining maximum weight savings within the limits of safety. 

For the basic allowable unit stress on structural aluminum (17S-T) mem- 
bers in direct tension, or on the tension flanges of beams and girders (net 
section), 15 kips per sq. in. is recommended. This value is one-half the 


7 “Strength of Materials”, by S. Timoshenko. 
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guaranteed minimum yield strength for rolled structural shapes, and is less 
than one-third the guaranteed minimum tensile strength. e) 
For compression on columns and other compression members having an 


effective slenderness ratio, =, equal to or less than 81, an allowable stress 


(in pounds per square inch) is recommended in accordance with the following 
straight-line formula: 


'="15 000) 8128 a2 yiedul jeep eee (6) 


In Equation (6), Z is defined as the unsupported length of the member, in 
inches; k is the corresponding least radius of gyration, in inches; and a is a 
factor describing the end conditions of the member. For both ends fixed, a 
is equal to 0.5, and for both ends pinned, a is equal to 1.0. Since few if any 
structural members have completely fixed ends, the value of a should rarely be 
less than 0.6. In framed construction most compression members have partly 
fixed ends, and an a-factor should be selected between 0.6 and 1.0, depending 
upon the end conditions. 

For compression on columns and other compression members having an 


effective slenderness ratio, “2 , greater than 81, the allowable working stress 


should be in accordance with the following formula: 
__ 33.000 000 


er stele espe mee are eR Ee (7) 
k 


Equations (6) and (7) for compression are plotted in Fig. 39, and it 
will be seen that the straight-line portion is tangent to the curved portion, the 


Allowable Compressive Stress, in Kips per Square Inch 
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Effective Slenderness Ratio, aL 


Fie, 39.—ALLOwABLe ComPprRESSIVE STRESS IN ALUMINUM ALLOY 
(178S-T) CoLtumns. 


latter being simply the well-known Euler formula with a factor of safety of 
three applied. This combination of formulas has been found to represent 


—— 
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fairly well the general trend of column tests on a large variety of structural 
aluminum compression members. It is used in the same manner as most other 
column formulas, inasmuch as it applies to the average stress on the gross 
cross-sectional area of the member at or near the center of the unsupported 
length. It will be noted that there is no rounding off of the column curve as it 


al : pe EE EN : 
approaches oy = 0. In the writer’s opinion it is much more logical to accom- 
h 


plish this effect by applying suitable restrictions to the allowable stresses on 
members which are likely to fail locally. 

Flat plates or the legs, webs, and flanges of structural shapes tend to 
buckle locally when stressed in compression, particularly if such parts are 
fairly thin with respect to their unsupported widths. Because of the lower 
modulus of elasticity, aluminum alloys have less resistance to such buckling 
than steel, and, for this reason, it is more important, perhaps, that the allow- 
able compressive stresses be defined more clearly than in the case of steel. In 
any event, it is far better to define the safe allowable stresses on such parts 
than arbitrarily to limit their dimensions because, as previously indicated, the 
designer should be allowed as much freedom as possible in working toward 
maximum weight savings. 


fy 
o 


re Inch 
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Values of the Ratio, 4 
Fic. 40.—ALLOWABLE COMPRESSIVE Srress on ALUMINUM ALLOY 
PLATE SUPPORTED ON Two EDGES 

When flat plates buckle in compression, such buckling occurs in the form 
of local waves or wrinkles which are practically independent of the length of 
the member, provided such length is large with respect to the unsupported 
width of the plate. These local buckling failures in plates may be treated 
conveniently as local column failures of parts of the plate, using the column 
formula for the material, provided the proper “equivalent slenderness ratios” 
are used. From theoretical considerations and available test results the 
writer and his associates have evaluated these equivalent slenderness ratios for 
various cases as indicated subsequently. 

For flat plates supported along two sides parallel to the direction of stress 
as in the case of the webs of H-shaped columns, or the compression cover- 
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plates of double-web box girders, the equivalent slenderness ratio of the plate 
should be determined, as follows: 


GL. jonni: hi ae (8) 
k d 
in which 0 is the unsupported width, and d, the thickness, both in inches. 
This equivalent slenderness ratio may be used in the column formulas, Equa- 
tions (6) and (7), for determining the allowable compressive stress on 
such plates. The values thus determined are plotted in Fig. 40. 

For flat projecting plates supported along one side parallel to the direction 
of stress, as in the case of the outstanding legs of single-angle, double-angle, 
T-shaped or star-shaped struts, the equivalent slenderness ratio of the 
projecting plate should be determined, as follows: 


G14) 0 ey © (9) 


k d 


in which b is again the unsupported width and d the thickness (see Fig. 41, 
Case 1). Tests have shown that single-angle, double-angle, T-shaped and 
star-shaped struts have very little restraint against twisting if any outstanding 
leg begins to buckle, and the coefficient, 4.0, in Equation (9) is selected on 


Allowable Compressive Stress, in Kips per Sq In. 


Values of the Ratio, mi 


Fic. 41.—ALLOwABLE COMPRESSIVE STRESS ON OUTSTANDING PLATES 
AND LEGS, OF ANGLES OF ALUMINUM ALLOY 


this basis. For projecting plates or legs of angles built into heavier members, 
as in the case of the flanges of girders or H-shaped columns having relatively 
thick webs, the coefficient, 4.0, may be reduced to 3.0 because such members 
offer a much higher degree of restraint against twisting as the outstanding 
legs or flanges begin to buckle. For intermediate degrees of restraint the 
coefficient should be selected between the limiting values, 4 and 3, so as to 
be consistent with the degree of restraint assumed. 
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When flat plates supported on either one side or on two sides are used as 
component parts of columns (see Fig. 41, Case 2) they should be investi- 
gated for stability in accordance with the foregoing recommendations, inde- 
pendently of the stability of the column as a whole. If it is found that the 
allowable stress on the plate is less than that for the column as a whole, 
the former, of course, will control the design of the column, and vice versa. The 
use of equivalent slenderness ratios makes this comparison very simple because 
it is only necessary to determine whether the equivalent slenderness ratio 
of the parts is less or greater than the effective slenderness ratio for the column 
as a whole. In many cases it will be found economical to make the equivalent 
slenderness ratio of the parts equal to the effective slenderness ratio of the 
member as a whole, although this cannot be stated as an infallible guide. 

For bearing on rivets or on tightly fitted pins and bolts, a working stress 
of 26 kips per sq in. on the projected area is recommended. Tests have shown 
that this value represents a factor of safety of at least two against measurable 
permanent distortion of the hole, and more than three against utlimate failure, 
provided the edge distance from the center of the hole in the direction of 
stress is at least twice the hole diameter. For smaller edge distances the fore- 
going allowable stress (26 kips per sq in.) should be reduced proportionately. 

For shear on aluminum (178-T) rivets or on tightly fitted aluminum 
(17S-T) pins or bolts, a design stress of 9 kips per sq in. is recommended. This 
same limiting shear stress applies to the gross section of the webs of beams 
and girders, provided the shear on the net area on such webs does not exceed 
12 kips per sq in., and provided thin webs are adequately stiffened. For shear 
on steel rivets an allowable stress of 13 kips per sq in. is recommended. 

For the webs of beams and girders the maximum shear stress, in pounds 
per square inch, at the center of any stiffened panel should not exceed: 


12 000 000 i NY 
) | (7 8 CT AT SEAM ae (10) 


d 

in which d is the web thickness; h is the clear depth of web between flanges; 
and I is the clear distance between stiffeners, all in inches. When it is desired 
to investigate intermediate points in large panels subjected to a varying shear 
along the length, J may be defined as twice the clear distance to the nearest 
stiffener. When no stiffeners are used, / becomes very large and the quantity 
in the brackets approaches unity. Equation (10) not only provides a means 
of checking girder webs for buckling, but also permits the spacing of stiffeners 
to be determined to suit any condition of varying shear. It should not be 
used beyond the limiting value of 9 kips per sq in. Fig. 42 is a set of curves 
representing Equation (10). 

Members which in ordinary service are subject to stress reversal, tension 
to compression, should be proportioned so that the larger stress plus one-half 
the smaller stress, does not exceed the basic allowable stress of 15 kips per 
sq in. This precaution in design will guard against fatigue failures under 
all ordinary service conditions, because it provides for a million cycles of 
reversal with an allowance for “stress raisers”, such as rivet holes. Of course, 
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structures that are subject to a considerably larger number of reversals or that 
have sharp re-entrant corners, and other severe “stress raisers”, should receive 
special treatment in design and cannot be classed with ordinary structures. 


‘Allowable Shear Stress, in Kips per Sq in. 


: | Lo 
Values of the Ratio, £ 


Fic. 42.—ALLOWABLE SHEAR STRESS ON Fic. 43.—EXAMPLES OF ALUMINUM ALLOY 
ALUMINUM ALLOY (17S-T) GIRDER WEBS, SpecIAL SHAPES PRODUCED BY THE EX- 
EQUATION (10) TRUSION PROCESS 


The foregoing safe working stresses are intended to serve as a guide in the 
design of ordinary structures built of standard structural aluminum, in 
the same manner that the familiar design specifications for standard steel 
structures are used. The factors of safety are selected conservatively as indi- 
cated. In specialized fields of design these factors of safety may prove to be 
more conservative than necessary, in view of the exact knowledge of loads and 
other design conditions, and in such cases the engineer, of course, will use 
working stresses consistent with the nature of the problem at’ hand. 

Impact allowances on aluminum alloy structures should be the same as 
those used for comparable steel structures. The entire question of dynamic 
loadings in ordinary structural design is still on a very unscientific basis, and 
the mere addition of an arbitrary percentage to the static live load stresses is 
only a crude attempt to provide a measure of safety against a little under- 
stood type of failure. Until a more scientific basis of designing for dynamic 
loadings comes into general use, there is no point in trying to make adjust- 
ments upward or downward in the conventional impact allowances to cover 
light weight, low modulus materials. Theoretically, of course, the relatively 
low modulus of elasticity makes aluminum alloys better suited to absorb energy 
within the elastic range, and this fact is readily demonstrated by tests of 
simple structural elements. A study of the results of tests and accidents 
involving more complex built-up structures, however, suggests that the 
behavior of such structures under dynamic loadings, either in the elastic 
range or beyond, may be more a function of design than of material, and that 
aluminum structures may be expected to withstand dynamic loadings at least 
as well as steel structures of comparable design. 
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In designing for light weight probably the most important single factor, is 
the ingenuity of the designer in selecting the best type of structure to 
carry the loads and meet the other controlling conditions. The designer and 
detailer must also be adept at arriving at the proper conclusion regarding 
such questions as the best distribution of metal in various members; when 
to substitute latticing for solid webs; when to use thin sections with many 
stiffeners as compared to thicker sections and fewer stiffeners; where to locate 
splices and connections; and when to use continuity to the best advantage. 
In all such matters the proper answers change from one structure to the next, 
depending upon the conditions of the design. The only trustworthy answer 
to any of these problems is obtained through a careful study of fairly com- 
plete comparative designs. Experience gained in the design of steel structures 
is not always a safe guide in determining how to arrive at the lightest 
weight in aluminum alloy structures. 

The engineer designing in structural aluminum for the first time, is usually 
intrigued by the possibilities offered by the extrusion process for producing 
special shapes useful in structural design. In addition to the standard struc- 
tural shapes, the user of structural aluminum has available an infinite variety 
of these special shapes, some of which are shown in Fig. 48, and many an 
aluminum structure owes at least part of its exceptional light weight and lower 
cost to the intelligent use of such shapes. On the other hand, it cannot be 
denied that the reverse may easily occur; that is, the novice in aluminum 
design may be over-enthusiastic about the possibility of extruded shapes, and 
burden a relatively small job with the cost of several extrusion dies where 
standard structural shapes might have served practically as well. It should 
not be difficult in any given case to determine the relative merits of special 
extrusions and standard shapes if the designer confers with the producer of 
the special shapes, so that if any extra costs are involved they can be evaluated 
properly early in the design. 

Tt is a well-known fact that because of the lower modulus of elasticity, 
aluminum members deflect more than steel members of equal size under the 
same loading conditions. Occasionally, this fact has been a deterrent for 
engineers interested in the design of aluminum structures, and almost invari- 
ably the reason lies in the fact that the question of deflection is not faced 
squarely. There is a tendency on the part of some engineers to limit deflec- 
tions entirely on the basis of their experience with existing steel structures 
rather than to make an effort to determine the allowable deflection, as an 
engineering problem. The writer fully appreciates that, in many instances, 
it is extremely difficult to determine just what the deflection requirements 
should be, but if minimum weight is to be attained in any structure it is 
essential for the designer to avoid all unnecessarily severe deflection 
restrictions. ; 

In general, it is only live load deflections that need concern the designer 
because excessive dead load deflection can be corrected by proper camber. In 
addition, in light weight structures the dead load deflections are usually 
minimized by the weight savings. In members in which deflection becomes a 
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controlling feature of design it is generally advantageous, of course, to increase 
the depth, thereby distributing the metal to the best advantage to resist 
deflections. A simple illustration may help to show the advantages of increased 
depth; for. example, a 5-in. aluminum I-beam for a given span and load 
will deflect approximately three times as‘ far as the same size of steel I-beam 
weighing three times as much. If the 5-in. aluminum beam is replaced by a 
{-in. aluminum beam, however, the deflection will be reduced to the same as 
that of the steel beam, whereas the weight is increased to a value which is still 
only one-half that of the 5-in. steel beam. 

Sometimes in striving for the lightest and best possible structure, the engi- 
neer will discover that other structural metals, such as the alloy steels, can 
be used to advantage in some part of what would otherwise be an all-aluminum 
structure. This is particularly true in the case of highly stressed tension mem- 
bers, shear pins, parts subjected to severe abrasion, shallow beams in which the 
depth cannot be increased readily, and special high-stressed castings. No 
special precautions are required in such composite construction, except that 
the possibility of temperature stresses due to differences in coefficient of 
expansion, should not be over-looked. Although the magnitude of such tem- 
perature stress rarely approaches one-half the design stresses, even where the 
different metals are riveted together over a considerable length, an attempt 
should be made to avoid such stresses wherever possible by arranging the 
different metals in such a way that temperature stresses are minimized. It 
should also be remembered that when a composite structure is loaded, the 
stresses in adjacent parts which are riveted securely together will be propor- 
tional to the moduli of elasticity. For example, if an aluminum cover-plate 
is riveted to a steel beam, it will carry only one-third its full share of the load 
and will not strengthen the beam nearly as much as it would an aluminum 
beam under the same conditions. 

In using various metals in combination in a structure, care should be taken 
to avoid the possibility of galvanic action which might accelerate corrosion 
at the points of contact of the different metals, either by breaking the contact 
with an insulating material, or by excluding all moisture through the use of 
thoroughly protective paint coatings. The latter precaution is the only one 
necessary in most cases, and from the excellent condition of existing aluminum 
structures in which steel rivets have been used, one may readily deduce that 
this protection is entirely adequate. 

The writer would like to emphasize the importance of giving proper atten- 
tion to non-strength members and secondary strength members in a light- 
weight structure. Too often when an engineer is studying the possibility 
of weight saving he is inclined to overlook the fact that a fair percentage of 
the total weight of his proposed structure lies outside the main strength 
members. Careful attention given to such items as bracing, walk-ways, walk- 
way supports, hand-rails, closing sheet, ete., will often be rewarded by sur- 
prisingly large additional weight savings, and any structure in which weight 
saving is important certainly deserves this extra attention. Sometimes it 
will be found that a study of these structurally unimportant parts will lead 
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to combining the functions of parts, thereby making possible the elimination 
of superfluous members and their connections. In any event, it is an impor- 
tant advantage of the light alloys that they permit weight savings in low 
stressed parts, which are very difficult to obtain in heavier metals that save 
weight only by virtue of their superior mechanical properties. 


Weicut Savine Possisinities 


The question of when to use structural aluminum is an interesting one, 
which obviously cannot be treated adequately without going into a detailed 
and lengthy discussion. The writer will attempt only a brief review of the 
more important generalities. There are three questions to be answered: 
(1) What weight savings are possible? (2) What additional expense is 
incurred to obtain these weight savings? and (3) Can this extra expense be 
justified? Since structural aluminum weighs 35% as much-as steel, a direct 
substitution, section for section, will lead to a weight saving of 65%, and this 
margin is often attained through exactly this procedure in actual practice. 
Tn most structures, however, the weight savings will range from 50% to 60%, 
because the designer finds it necessary, in certain members, to use slightly 
deeper or thicker sections than would be required for equivalent service in 
steel. The writer has made a study of the weight savings possible in various 
types of aluminum alloy structural members, tension, bending, and compres- 
sion, assuming equal conditions of service, and finds that in the average struc- 
ture in which dead load stresses are relatively small, theoretically, the weight 
of structural aluminum (17S-T) members should be about 45% that of the 
same members designed in structural steel for the same loads, a weight saving 
of 55 per cent. 

In larger structures in which the dead load stresses become important in 
the design of the various members, the weight saved by the use of structural 
aluminum is greater due to an interesting pyramiding effect. When such a 
structure is made lighter, the decrease in weight causes a decrease in the dead 
load stresses which, in turn, permits an additional decrease jin size of mem- 
bers, ete. Studies show that in these larger structures weight savings of 65% 
to 70%, and even greater, should be expected. 

In discussing weight savings the use of percentages may lead to a certain 
degree of confusion. Throughout this paper the writer has used weight- 
saving percentages defined as follows: 


Percentage of _ 499 (1 — Total weight of aluminum members ) AD) 
weight saved zi Total weight of equivalent steel members 


It does not apply to the over-all weight of structures, except in those instances 
in which the structural members themselves make up the entire weight of 
the structure; for example, consider the case of a dragline boom built entirely 
of structural aluminum and compared with a steel boom of exactly the same 
length and designed for the same service. The aluminum boom in this case 
might be expected to weigh 45% of the weight of the steel boom, provided 
both weights are for the structural parts only, exclusive of cables, sheaves, etc. 
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If the over-all weight of the dragline unit, including cables, machinery, and 
sheaves, is used in the comparison, the foregoing weight-saving percentage 
needs very radical revision. Other complicating factors in the interpretation 
of weight-saving percentages would be introduced into this same illustration if 
the aluminum boom was made longer than the steel boom to take advantage 
of the lower over-turning moment, or if only the outer two-thirds of the boom 
were constructed of aluminum instead of the entire boom. It is not the 
writer’s purpose to enter into a discussion of these complicating factors, but 
it is necessary to emphasize that the weight-saving data introduced in this 
paper are intended to represent the differences in weight between any group of 
aluminum structural members and the same group of members designed in 
steel for equivalent service. 

The price per pound of structural aluminum plates and shapes will 
average about fifteen times the corresponding price per pound of struc- 
tural steel. Reduced to a volume basis instead of a pound basis the structural 
aluminum plates and shapes will cost about five times as much as those of 
structural steel. Therefore, comparing two structures having members of iden- 
tical size throughout, one built of structural aluminum and the other of 
structural steel, the cost for material alone in the aluminum structure should 
be about five times that of the steel structure. For structures which in 
aluminum weigh 45% as much as the same structures designed in steel, 
the extra cost of the aluminum plates and shapes will be more nearly seven 
times that of the equivalent steel. If the extra cost is divided by the weight 
saved, the additional cost for material in the aluminum structures can be 


Approximate Extra Cost of Aluminum Structures 
in Cents per Pound of Weight Saved 


0 
40 50 60 70 80 90 100. 
Percentage of Weight Saved Compared to Equivalent Steel Structure 


Vic. 44._Hxtra Cost or STRUCTURAL ALUMINUM STRUC- 
TURES COMPARED TO ORDINARY STEEL 
expressed conveniently in terms of extra cost per pound of weight saved. The 
writer has made a study along these lines, and hag plotted the results in 
Fig. 44 which shows how the extra cost per pound of weight saved decreases 
as the percentage of weight saved increases, the most common range being from 


| 
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15 cents to 30 cents extra per lb of weight saved. Of course, there are many 
factors that may operate to invalidate the values indicated on this curve, but 
the writer believes that they will be found fairly representative for the ordi- 
nary structures encountered to-day. 

Although the extra cost values given in Fig. 44 are for material only, 
they should also represent, quite closely, the over-all difference in cost of 
fabricated structures because experience has shown that the cost of fabricating 
any aluminum structure is practically the same as that for fabricating a 
comparable steel structure. Of course, structural aluminum, because of its 
light weight, may effect slight savings through lower handling costs, but these 
savings are frequently offset by the fact that workmen may tend to handle 
the aluminum more carefully to avoid spoilage. 

Since aluminum structures are more expensive than equivalent steel struc- 
tures, the question of when to use aluminum becomes largely one of justifying 
the extra cost. Obviously, many structures are built, in which there is no possi- 
bility of justifying an extra expenditure of even 10 cents for each pound of 
weight saved, and for the present these structures are outside the field of struc- 
tural aluminum. There are many structures, however, in which 15 to 30 cents 
extra cost per lb of weight saved (and even more) is easily justified. Most of 
such cases, of course, fall in the classification of moving structures where 
operating economies are effected. The aircraft and transportation fields have 
been, and will probably continue to be, the most fertile field for the use of 
structural aluminum, but engineers are rapidly finding other fields in which 
the light metals are making a place for themselves in spite of the cost. Such 
fields include dragline and crane booms, traveling cranes, mine-hoist cages, 
ship superstructures, etc. One interesting field of use of the light structural 
metals is in applications where the reduction of dead weight permits the use- 
ful life of an existing structure to be extended to accommodate changes in 
loading conditions not contemplated in the structure as originally designed. 
Examples are found in the replacement of heavy bridge floors with new light- 
weight floors, and the use of light-weight traveling cranes in buildings not 
sturdy enough to support a conventional crane of the required capacity. 

As a specific example of the economics of the use of structural aluminum, 
the writer would like to cite the case of dragline booms, such as are used in 
levee construction. In this field, the weight saved by the use of aluminum is 
used most effectively to increase the length of the boom, and, hence, the operat- 
ing range of the dragline unit. It has been found that a 150-ft steel boom, 
weighing 33000 Ib, can be replaced with a 175-ft composite aluminum-steel 
boom weighing about 23 000 Ib, the weight saving being accomplished by using 
42.000 lb of structural aluminum in the outermost 140 ft of the length. The 


’ resulting light-weight boom will handle the same size of bucket as the steel 


boom, with no greater overturning moment on the machine, and with no 
decrease in the swing speed. Because of the extra 25 ft in length there is less 
rehandling of material for the same capacity of bucket so that the speed of 
the work is increased about 10%, resulting in a saving of about 1 cent per 
eu yd of earth moved, and, thereby, increasing the earnings by about $1000 
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per month ‘per machine. The extra cost of the light- -weight boom is thus 
defrayed in about five months, insuring an adequate return on the additional 
investment. 

No discussion of the costs of aluminum alloy structures is complete with- 
out some mention of the scrap price of the metal, which in the case of fabri- 
cated structural shapes and plates is about 12 cents per lb at the present time. 
This high return value of the metal does not affect the extra first cost of 
structures, of course, and hence has no affect on the values shown in Fig. 44. 
It should not be overlooked in the general study of the economics of light- 
weight design, however, particularly on structures having relatively short 
periods of usefulness due to rapid obsolescence. 


CoNncLUSION 


Structural aluminum is firmly established in those fields in which it is now 
being used successfully. Its future in other fields is a matter which lies 
almost entirely in the hands of designing engineers interested in producing 
structures which best serve their intended purposes. The writer has tried 


to indicate that the choice of structural aluminum is almost entirely an eco- — 


nomic problem rather than a structural one; that is, structural aluminum may 
be utilized with confidence in any case where its cost can be justified. 

There are many factors, of course, which may affect the future economic 
status of structural aluminum. Such factors include metallurgical or manu- 
facturing changes which may effect the cost of the metal, the development of 
new alloys having better mechanical properties, or are otherwise better adapted 
for structural purposes, new developments in welding, or other fabrication 
methods, ete. Although some progress is being made at present along many 
such lines, the writer sees no immediate prospect for any radical change in the 
status of structural aluminum, and believes that its progress in the structural 
field in the near future will be simply a continuation of the steady, healthy 
growth which has marked the development to its present stage of usefulness. 
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MAGNESIUM ALLOYS AND THEIR STRUCTURAL 
APPLICATION 


By A. W. WINSTON, Esq. 


Synopsis 


The combination of light weight’ with the improved mechanical properties 
of the newer magnesium alloys makes these materials of increasing interest to 
the civil engineer. Since 1933 or 1934, production costs have been reduced, 
and properties have improved to the point where the alloys are finding many 
successful applications formerly considered impractical for the material. 

In this period a number of important applications have developed in the 
transportation field. As might be expected, because of the necessity for light 
weight, the airplane industry was the first to adopt these alloys in all types 
of service. Sand castings of magnesium alloys are used universally in air- 
plane motor and starter castings, in landing wheels and brakes, and as brackets 
and fittings in the airplane structure. A number of truck and trailer bodies 
have been built of sheet and structural shapes, resulting in reduced weights 
and increased operating economy for their owners. 

Although they are not used extensively as yet in structural engineering, 
these alloys give promise of development in this field of application. The pur- 
pose of this paper, therefore, is to present the characteristics of the standard 
magnesium alloys in which the civil engineer is most likely to be interested, 
in order that he may arrive at a proper appreciation of the possibilities in 


their use. 


INTRODUCTION 


In changing from one material to another it is very necessary that careful 
consideration be given to all the factors involved. The success of a design 
may depend upon the attention given to details which are automatically 
provided for by the engineer when working in steel, but which may escape 
attention when he is starting to use a new material. 

The metallurgical aspects of magnesium alloys are presented in Part IL 
of this Symposium. Not less important than a knowledge of these funda- 
mental properties and characteristics is a practical knowledge of the per- 
formance of actual beams and columns, of correct shop and field methods 
of fabricating, and of the protective measures to be applied to insure long 
and satisfactory service. 


° The Dow Chemical Co,, Midland, Mich. 
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The designer contemplating the use of magnesium has available a wide 
variety of alloys and forms which are adaptable to many specific uses. The 
manufacture of castings, structural shapes, sheet, and forgings, and the prop- 
erties obtainable in these forms, have been described in detail in the paper, 
by Messrs. Zay Jeffries, O. F. Nagel, Jr., and R. T. Wood, entitled “Light- 
Weight Structural Alloys.”” On comparing the properties of the standard, cast 
magnesium alloy with those for cast iron and the cast aluminum alloys 
(Table 25), it will be observed that the former compare exceptionally well 
on the basis of unit strength. Although not quite equivalent on a volume 
basis, the wrought alloys possess very favorable strength-weight ratios. Usually, 
it is possible to increase the sections slightly to secure the desired stiffness 
and strength without sacrificing the weight advantage of the magnesium alloys. 


TABLE 25.—ComparativE Properties or Magnesium AND OTHER 
SrructuraL, ALLOYS 


| Sprciric Stressss,t 
3 Ae £3 8 22 Ag in Kips PER 
2 | es | ae dad ie Bo | 4:5 | Coefficient Squarz IncH 
‘ 5 25 |\/pelsele ae 2 
é a | os Rl ms] 8a] 28 |. | of thermal 
Zz & |e! 8s] asiaa oo |= 5 | expansion, 
SB /5S) 23 af} ee | OS] ° 
g Alloy and temper g ered Fee mena een eas on 22 in inches per, i) ale 
PS g |S, /88 [38/27] 82 | 28] ich ver | oe] 2h | ge 
& |S5)ee|f2|s | 23 | ee | pdm. | Be 82 | es 
E jeg | "a! 8 Sq | ag Rennes Ed or 
(1) @i@dt@t ®t © ) (8) (9) (10) | (11) | (12) 
(a) Cast Mutats 
37*| Magnesium:] 
Heat-treated......... 1.83 | 113 | 36 13 11 6 500 | 10.0 | 0.000016 | 19.7] 7.1] 5.5 
Heat-treated and aged| 1.83 | 113 | 40 20 5 6 500 | 10.0 | 0.000016 | 21.8] 10.9] 5.5 
389 | Aluminum coppert..... 2.83 178 | 22 14 2 10 000 7.5 | 0.000013 7.8 5.0 2.7 
40 | Aluminum Copper: 
Heat-treated§. ...... 2.77 | 174] 36 22 4 | 10000] 6.0] 0.000013 | 13.0} 7.9] 2.2 
41 | Gray cast iron] ........ ee? 450 |}. 40 nie fe 18 000 | 20.0 | 0.0000060 | 5.6] .... 2.8 
42 | Cast steel; 0.30% an- 
mealed. Seiatie «cai seise 7.86 | 490 | 76 42 -» | 29 000 | 33.0 | 0.0000066 | 9.7| 5.3 | 4.2 
(b) Wroucat Mxrtars 
31*} Structural magnesium **. 1.80 112] 48 30 17 6 500 | 17.0 | 0.000016 23.9 | 16.7 9.5 
43 | Structural magnesiumff.| 1.80 112 | 45 35 12 6 500 | .... | 0.000016 | 25.0 | 19.4 Re 
44 | Duralumin............ 2.79 174 60 36 20 10 000 | 15.0 | 0.000012 21.5.| 12.9 5.4 
45 | Low-alloy steel......... 7.85 | 490] 80 60 22 29 000 | 40.0 | 0.0000066 | 10.2 6.8] 5.1 
46 | Chrom-molybdenumsteel] 7.85 | 490 | 125 90 13.51/29; 000" 70200) Seamer 5.9] 11.5} 8.9 


* See corresponding Item Numbers in Table 10 (see p. 1232). _ ¢ Columns (4), (5), and (8), respectively, divided by 
Column (2). } Alloy No. 12, Specification 30, Handbook, Soc. of Automotive Engrs., 1936 Edition. § Specification 
38, Soc. of Automotive Engrs. l Specification A 48-35 T,, Class 40, Am. Soc. for Testing Materials. | Known com- 
mercially as AM 265. ** Known commercially as AM 578, tt Alloy X. 


Design Factors ror Magnesium ALLoy Structures 


In considering the more important properties of magnesium alloys and 
their effect upon structural design, reference should be made to Table 25 
and Table 26 for details of the comparative properties discussed. The relative 
bending properties listed in Table 26 are based on the physical properties 


given in Table 27. The standard formulas for rectangular beams were used 


in making the calculations. 


nn 
See p. 1211, 
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TABLE 26.—Rewative SrrencTtH AND StirrNess In BENDING oF 
Sueet Merats (Wwrus Constant) 


Usine STeen on A Basis OF Usine ALUMINUM ALLOY ON A 
: 00 ror ComMPARISON Basis oF 100 ror ComPARIsON 

Comparison Material ———$——____ | — 

Thick- Stiff- . Thick- Stiff- . 

ce Strength eae Weight es Fe 5 Strength _ = Weight 
100 100 100 100 100 100 100 100 

Equal thickness} Aluminum alloy.| 100 58 34 SO) aa ee ea ea Ree ea dee 43 
Magnesium alloy; 100 50 22 23 100 86 65 64 

Equal strength .| Aluminum alloy.) 131 100 77 ATT aler casters este eiee|| cavers aL one 
_| Magnesium alloy; 141 100 62 32 108 100 82 69 

Equal stiffness.| Aluminum alloy.| 143 118 100 £5 lent ese den al emcee esi cael) Mapa cicetiael It acess © 
Magnesium alloy; 165 136 100 38 115 114 100 74 

Equal weight. .| Aluminum alloy.| 281 458 755 LOO les cece lusD eee liasontemit irae ne 
Magnesium alloy; 436 950 1 823 100 155 206 242 100 


Specific Gravity—The specific gravity of the present commercial mag- 
nesium alloys will average nearly 1.8, which may be compared to 2.8 for 
aluminum alloys and 7.85 for steel. The weights per cubic foot are, respec- 
tively, 112, 175, and 490 lb. For equal volumes the saving in weight by the 
use of magnesium alloy in place of aluminum would be 63 lb per cu ft, or 86%, 


TABLE 27.—Puysicat Properties or THE ALLoys CoMPARED IN Tassie 26. 
eee eee nnn 


Specific Tensile yield strength,| Young's modulus of 


Material gravity in kips per square | elasticity, in kips per 
inch square inch 
SOE MAS er inie siclslelere eo tole a's ce sie siecle mals 7.85 60 29 000 
Ad MMIMUM AllOY:. cece ecywie mss ov ewes ss 2.79 35 10 000 
Magnesium alloy........-..-seeeeeseeeee 1.80 30 6 500 


eS 


and in the case of steel, the saving would be 378 lb per cu ft, or about 77 per 
cent. In general, not all this theoretical saving can be realized when allow- 
ance has been made for differences in strength and modulus of elasticity. 
With castings, however, these savings are attained frequently. An example 
of this is found in some large ventilating fans, 12 ft in diameter. When con- 
structed of aluminum alloy, the castings weighed approximately 900 lb. The 
use of magnesium alloy castings made from the same patterns has lowered 
the casting weight to less than 600 Ib, a net saving of more than 300 lb. The 
lighter fan has permitted the use of a smaller motor because of the lessened 
starting load and has reduced, considerably, the cost of the unit. Patterns 

used for aluminum or cast iron ordinarily may be used for magnesium alloys 
without modification other than adjustment for shrinkage and increase in 
the radii of fillets. 

Thermal Expansion.—The coefficient of thermal expansion of magnesium 
alloys is generally accepted to be 0.000016 in. per in. per degree Fahrenheit. 
This value is slightly greater than that for aluminum alloys (0.000013) and 
considerably greater than that for steel (0.0000066), or that for cast iron 
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(0.000006). This difference becomes important when structures subject to 
temperature changes are being designed, in which magnesium alloy members 
may be rigidly connected to members of iron or steel; for example, a magne- 
sium alloy floor-plate 10 ft long may be riveted to a steel framework made 
necessary by space limitations. If such a structure is subjected to a tempera- 
ture rise of 100° F, the difference in expansion of the two materials will be 
almost 1 in., an amount sufficient to cause partial shear of the rivets or serious 
and possibly permanent deformation of the structure. It is important, 
therefore, that the designer recognize this possibility and provide for it by 
the elimination of contributing causes. The use of shorter members, expan- 
sion joints, and care in the method of attachment will do much to make such 
composite structures practicable. 

Modulus of Elasticity—The generally accepted value for this constant is 
6 500 000 Ib per sq in. As this is somewhat lower than the modulus for alumi- 
num (10000000), and considerably lower than that for steel (29 000 000), it is 
necessary to take this fact into consideration in re-designing structures for 
magnesium alloys. 

To secure equal stiffness in bending, which usually is desired, it is neces- 
sary to increase the moment of inertia of the section. This may be accom- 
plished with a relatively small increase in dimensions since the moment of 
inertia varies as the cube of the depth. By designing to equal stiffness, the 
yield strength will be increased over that of the steel or aluminum member 
being replaced, retaining very significant weight savings, as indicated in 
Table 26, and described in greater detail under the heading, “Beams.” 

The differences in moduli of elasticity must also be considered in designing 
composite structures to insure correct load-transfer conditions. Thus, if a 
magnesium alloy tension member is riveted to a steel section, both pieces 
should be adjusted in size to secure equal elongation between rivets when under 
operating load. Otherwise, the unequal elongation will throw an excessive 
load upon certain rivets, possibly resulting in their failure or in the elongation 
of the rivet holes. 

Mechanical Properties—An appreciation of the possibilities in the use 
of magnesium alloys is obtained by reference to Table 25 in which the com- 
parative properties of some of the important structural metals are given. As 
previously noted, cast magnesium alloys have mechanical properties equal’ 
to those of the cast aluminum alloys or of cast iron on an equal volume basis. 
When compared on an equal weight basis, both the cast and wrought mag- 
nesium alloys are equal or superior tc the other metals in the cast or wrought 
conditions. 

Proportional Limit and Yield Strength—When magnesium alloys are sub- | 
jected to the usual tensile tests, there is a gradual breaking away from the 
modulus line, making determination of tangential proportional limits some-_ 
what difficult. A suggested method is to consider the proportional limit as 
the stress where the stress-strain curve deviates 0.01% from the modulus line. 

Similar to aluminum alloys but unlike steel, magnesium alloys do not 
exhibit sharp yield points. The yield strength is now accepted as the stress 


H 
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where the stress-strain curve deviates 0.2% from the modulus line. The usual 
value obtained for the proportional limit is from 50 to 60% of the yield 
strength. 

A peculiar characteristic of wrought magnesium alloys, recognized by 
investigators for a number of years, is the low compressive yield strength 
compared to the tensile yield strength. This value, determined at 0.2% 
deviation from the modulus line as in the case of the tensile yield strength, 
is about 75% of the latter value. This ratio is subject to some variation 
and will be affected by mechanical working, composition, and heat treatment. 


TABLE 28.—Properties of Extrupep Sections or StrrucruraL Magnesium 


ALLOYS 
ag /23 14 |x 8 eg | 33], |x 5 
sa | #2 | 8, | see] oo | 8 “a | BE | & |seal_ o | B 
«| go | 88 | So | PSR | Bas] 6 2o | 82 | 8g | Bes | See! a 
S| #3 | 23 | en | gay | hos] Esl] os | BB | Sa | gee) eo8) Bs 
Bo ga Qed |aoe | ofo a3 fo | oe @aq lees | ego] 38 
g§ |] a2 Sh ee eds | sce | Og |) a2 | ey wd | 2gG8§ | ee Se 
21 of BS | $4 | Sho) zgs |) Be ee S in eas Seo) sa9] = 
2| 28 | 32 | 28 | sh?) See] 22] ss | oo | 88 | se?) See) §5 
mg eo On | eva : “a we ‘3 OH | et Ma ==] 
be [22 | 5 |Sek/"o |e | de | ge |e [Seh)"E | a 
a8 % 2 | eg a 
(1) (2) (3) (4) (5) (6) (1) (2) (3) (4) (5) (6) 
(a) 3 By 4-IncH By 3-INCH ANGLES (c) 2-IncH CHANNELS 
31 43.4 24.5 19.7 LG Fei tetelio-s 58 41.5 21.5 19.5 i558 Wiese 57 
35 44,2 25.6 13.1 Sata od crac 67 46.0 29.4 13.1 ES Ah te thar 56 
43 43.1 28.6 17.0 OTe eke 69 44. 30.0 15.0 27.4 29.5 69 
(6) 3-Inco I-Brams (d) 4-Inch CHANNELS 
31 43.3 27.1 13.5 US Thi Wii pease Rode 42.0 24,2 18.0 i Ne Sy eres os 58 
35 43.4 29.0 See Gt e Wy le sre isis 54 42.7 26.5 12,2 1G Anta eet 55 
43 45.2 29.6 12.5 22.0 24.1 64 44.3 31.0 9.8 24.3 23.0 72 


* Item numbers corresponding to those in Table 10 (see p. 1232). 


In Table 28 are given the properties of the alloys in which wrought shapes 
are available, showing the progressive development, since 1934, in the direction 
of securing improved yield strength values. It has been noted that the 
methods presenting the best prospects for improvement along this line are 
those involving the heat treatment of wrought sections. The properties given 
in Table 28 are those obtained on structural sections. The yield strengths of 
small diameter bar stock as given in Table 25 are slightly higher than those 
of structural shapes, apparently due to more uniform conditions of flow 
through the extrusion die. ‘ 

Fatigue Endurance Limit-—A noteworthy feature of magnesium alloys, 
particularly in the wrought condition, is the high fatigue endurance limit. 

“Thus, it is not unusual to have an extruded magnesium alloy (AM57S),”° 
of the same composition as that given in Item No. 31, Table 25, exhibit a 
fatigue endurance limit of 19 kips per sq in. with a proportional limit slightly 
less than this value, and a yield strength of about 33 kips per sq in. Endur- 
ance limit data probably will find increasing use in design as experience is 
obtained with actual service applications. 


ia emma aiatin rs foes Se 
200 'The symbols in parentheses denote the trade designation by which the alloy is com- 
monly recognized. 
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Bearing Strength of Sheet—The bearing strength of magnesium alloy 
sheets is rather high compared to the tensile strength of the material, and in 
the case of a hard-rolled magnesium alloy (AM53S)™, will run from 60 to 70 
kips per sq in., whereas the annealed material will be from 55 to 65 kips per 
sq in. One-fourth of these ultimate values are considered to be safe design 
values. 

Beams.—Magnesium alloy beams deflect appreciably with increasing load 
above the yield strength until failure finally occurs as stresses approach the 
ultimate tensile strength. This statement applies to simple beams, such as 
rectangular sections which fail by yielding of the material. The yield strength 
of a magnesium alloy beam is considered to be the point at which the outer- 
most fibers are elongated 0.2% beyond the modulus line, and may be deter- 
mined either by the use of strain-gages or by computing the deflection 
corresponding to this 0.2% permanent deformation of the outer fibers. This 
concept applies to the beams the same interpretation of yield strength as that 
used in the ordinary tensile or compression test on the material. Due to the 
reinforcing action of the material near the neutral axis, the flexural yield 
strength as determined in this manner will exceed the tensile or compressive 
yield strength of the material. 

The most important factor that will interfere with the foregoing conclusion is 
that due to the form of the section. As the sections are made more slender, failure 
may occur through twisting, buckling, or flange crippling. In such cases, the 
yield strength of the beam may fall below the yield strength of the material 
in the outer fibers. Because of this fact, it is suggested that the design values 
be limited to one-half the flexural yield strengths as determined by actual 
tests of the sections under consideration. Examples of such tests are given 
in Table 28 for several typical sections. 

Very few data have been obtained on the lateral buckling of compression 
flanges of beams in the relation of unsupported length to width of flange. 
Little information is available on the buckling of beam webs and on the crip- 
pling of compression flanges. Although most of the I-beam, channel, and 
plate girder tests conducted to date have failed by lateral buckling, the maxi- 
‘mum stresses were about the same as those developed by similar sections which 
failed by compression yielding of the flanges. 

Under the heading, “Modulus of Elasticity,” attention was directed to - 
the stiffness characteristics of magnesium alloy sections compared to those of 
aluminum alloy or steel sections. The relative effects of specific gravity, yield 
strength, and modulus of elasticity for these three materials on the design of 
rectangular beams have been computed and are given in Table 26. By refer- 
ence to this table it will be observed that, on the basis of equal stiffness, the 
comparison is very favorable to magnesium alloys; for example, for equal 
stiffness, the magnesium alloy beam will be 65% thicker and 386% stronger 
than the corresponding steel beam, with a weight saving of 62 per cent. Com- 
pared to an aluminum alloy beam of equal stiffness, a magnesium alloy beam 
will be 15% thicker, 26% lighter, and 14% stronger. 

The situation is slightly more complex when one wishes to substitute mag- 
nesium alloy structural sections for those of aluminum or steel. If the mem- 
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ber to be replaced is a steel beam, it is generally desirable to choose a geo- 
metrically similar magnesium alloy section having a moment of inertia about 
four and one-half times as great as that of the steel beam. This rough rule 
will provide a member of the same stiffness, of considerably greater strength, 
and of less than one-half the weight. 

In like manner, an aluminum section may be replaced by a geometrically 
similar magnesium section having a moment of inertia about one and two- 
thirds as great as that of the aluminum section, resulting in a member about 
20% lighter, but having the same strength and stiffness. 

Lf wood is to be replaced by magnesium alloy with equal stiffness, the metal 
section should have a moment of inertia at least one-fifth that of the wood. 

The substitution of magnesium alloy beams for steel or aluminum mem- 
bers in. composite structures should be made on the basis of equal stiffness, 
as better load.transfer conditions can be maintained with an increase in the 

strength of the assembly. 

Columns.—Magnesium alloy columns act much the same under loads and 
are as susceptible to design calculations as columns of other materials. The 
strength of such columns is dependent upon the following factors: (1) Com- 
pressive yield strength; (2) ultimate compressive strength; (3) modulus of 
elasticity; (4) size; (5) shape; (6) end conditions; (7) loading conditions; 
and (8) length. Perhaps the most important of these factors are the com- 
pressive yield strength and the modulus of elasticity. 

The compressive yield strength is the governing factor for most short 
columns used in structural work. As discussed under the heading, “Propor- 
tional Limit and Yield Strength,” the compressive yield strength of standard 
magnesium alloy sections has undergone considerable improvement since 1933. 
Recent determinations for this value during a series of column tests on a 
variety of sections of magnesium alloy (see Item No. 48, Table 25 and Table 28), 
have indicated a value of 24 kips per sq in. for the compressive yield strength. 
It was found that the results of these column tests were closely approximated 
by a modified Rankine-Ritter formula: 


i eae cree ey 80,000. en a eee g (12) 
L L 
1+ (+) is 
k k 

in which P = a load, in pounds; A = cross-sectional area, in square inches ; 


Sy = compressive yield strength = 24000 Ib per sq in.; L = length of column, 
in inches; k = least radius of gyration; and Q = Ritter’s constant : 


ct nas 2 te Rate oe ie ROLE (13) 
Cri 
in which OC = a fixation coefficient and HE = the modulus of elasticity 


= 6500000 lb per sq in. The results of the tests are plotted in Fig. 45. 
Although service experience is somewhat lacking in the application of these 
data, it is suggested that design values should not exceed one-half the unit 
strength given. 


4 

' 
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Because of the limited space available in this paper, it will be possible to 


give only a single example of the column characteristics of magnesium alloys 
compared to those of aluminum alloys or steel. 


Unit Stress, ion » in Kips per Square Inch 


Slenderness Ratio, £ 


Fie. 45 


Assume that a load of 20000 lb is to be supported by a single fixed-end 
solid column of round cross-section and a length of 60 in. On computing the 
necessary diameters, using the published design values for steel and aluminum 
alloy and one-half the yield strength values for magnesium alloys, as given 
in Fig. 45, the results given in Table 29 were obtained. 


TABLE 29.—Compuration or Cotumn D1AMETERS 


Material Diameter, Weight of column, Percentage of steel 
in inches in pounds weight saved 
Be ede octs ty Mist wie een de whee « 1.72 39.4 - 
JAPA REE Se RAPS or neodbones epeiée 1.89 17.0 57 
Magnesium BUG nice vee re eae ee 2.10 13.7 / 65 


* Alloy X; see Item No. 43, Table 25. 


Some variation from these weight ratios will be experienced when other 
specific cases are estimated, due to changes in the relative permissible stresses, 


which will be dependent upon the shape of section, =. ratios, end conditions, 


eccentricity of loading, ete. In general, however, the order of weight differ- 
ence will be similar to that given in Table 29. 


Fasrication Mrrnops 


The successful application of magnesium alloys has been dependent largely 
upon the development of suitable fabrication methods. Among the important 


i 
“S 
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features of good shop practice are the results and conclusions of many years 
of experience in the production and use of a wide variety of articles made of 
magnesium alloys, including castings and built-up assemblies using structural 

_ shapes and sheets. As with any other structural material, careful attention 
to small details has been an important.factor in the success of these 
applications. 

Machining. —The machinability of the magnesium alloys is unexcelled by 
that of any other structural metal. A fine smooth finish is readily secured 
with no tendency to drag, tear, or chip out. Experience in the average 
machine shop has proved that practically all machine tools can be run at 
their maximum speeds with feeds to the full capacity of the machine. High- 
speed steel or tungsten carbide tools are generally recommended because of 
the long life between grindings. 

Ordinarily, no cutting compound or lubricant is required as heavy cuts 
and feeds may be taken at high speed without excessive heating of cutting 
tools or work. A coolant is sometimes advisable on high-speed screw machine 
operations where a very fine finish is desired. 

The power requirement in machining is less than that for any other metal. 
Comparative tests between magnesium and other alloys show that the power 
required will be about one-half that for aluminum alloys and brass, one-third 
that for cast iron, and approximately one-fifth that for steel. 

Because of this excellent machinability, manufacturing costs frequently 
are reduced in spite of a larger cost for the rough casting or forging, particu- 
larly where the machining expense is a large proportion of the total cost. 
Machine production also is increased and, at the same time, operating and 
maintenance costs are lowered. 

Forming.—Magnesium alloy sheet and shapes can be given a moderate 
amount of cold working, but when sharp bends are required it is necessary 
to heat the work and the tools. A temperature of 500 to 700° F is best for 
hot forming. The work may be heated locally with a torch, but a better 
method is to heat the part in an oven where the temperature can be controlled. 

Because of the cold-hardening characteristic of the metal, spinnings, stamp- 
ings, and drawings are limited to those of liberal bend radii in which only 
moderate deformation is required. In this case, also, heating of the stock and 
tools will permit more difficult operations. Tools should be clean, smooth, 
and well lubricated. Lard oil is generally satisfactory for the purpose. 

Although the application of some of these processes may involve slight 
changes from present practice on other materials, most of these problems are 
capable of solution with a little expenditure of study and effort. 

Riveting.—Rivets made of aluminum alloys, with properties given as 
Items Nos. 1, 2, and 6, in Table 6™ (Alloys 2S, 3S, and 17S), may be used 
in magnesium alloy structures. The first two compositions are soft, are easily 
headed cold, and can be used where strength is not important. Item No. 6 
of Table 6 (17S or AM55S), should be used where higher stresses are encoun- 


101 See p. 1217. 
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to driving. Alloy AM55S is especially recommended for use in magnesium 
alloy structures as the rivets may be driven cold and have the advantage of 
minimizing the possibility of galvanic corrosion under certain atmospheric 
conditions. The design of riveted joints, as with other metals, is based upon 
the shearing strength of the rivet and on the tensile and bearing strengths 
of the sheet. The use of steel rivets occasionally may be desirable in loca- 
tions not subject to weathering where strength requirements or convenience in 
driving may make them more practical than aluminum alloy rivets. To pre- 
vent galvanic action, the steel rivets should be dipped in an insulating primer 
or compound before driving. One-fourth the bearing strength, or about 
15 kips per sq in., may be taken as the safe design value for magnesium alloy 
(Item No. 26, Table 10). 

Welding.—Considerable success has been attained during the past few years 
in the development of welding processes for magnesium alloys. The methods 
generally in use at this time are gas welding and electric resistance welding. 
In oxy-acetylene welding a special flux must be used, while the filler rod 
should be of approximately the same composition as the part being welded. 


The presence of traces of flux left in the weld will tend to promote subse-— 


quent corrosion, and it is necessary, therefore, that considerable care be 
exercised during the welding operation to prevent such inclusions. After 
welding, the parts should be thoroughly cleaned in hot water and treated by 
immersion in the chrome-pickle solution (described under the heading, “Sur- 
face Treatment and Painting”), and then painted. Because of the difficulty 
in treating large structures, the acetylene welding process should be limited 
to articles and assemblies that can be cleaned adequately. 

Electric spot welding has been used in a number of cases. It offers the 
advantage of speed and economy, and is applicable to the joining of sheet 
metal and extruded shapes. The following data give the shear strengths from 


tension tests of single spot welds joining strips of Magnesium Alloy AM53S © 


(Item No. 26, Table 10)™: 


Single sheet thickness, Shear strength, in 
in inches pounds per spot 
oP Eres Cue acd rt ties ch 

tne : 900 to 1000 

er vied GS 1.000 itat1900 

a v.sees 1900 to 2200 


Surface Treatment and Painting—Under ordinary conditions of atmos- 
pheric exposure, magnesium alloys have proved remarkably stable over periods 
of years. The surface, particularly if polished or buffed, gradually tarnishes 
and becomes covered with a thin gray oxide film, Some powdering and rough- 
ening of the surface occurs in heavy industrial areas or in locations of con- 
tinuously high humidity. This corrosion is a very slow process, however, 
being measured in terms of years, and is very much slower than the corre- 
sponding rusting of mild steel in the same atmosphere. In saline atmospheres 


along the sea coast, corrosion may become more serious and necessitate 
preventive measures. : 


ee Eee 
102 See p. 1232. 
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Because of the difficulty in controlling the location and conditions under 
which an article will be used, it is always recommended that magnesium alloy 
assemblies or parts be given suitable paint protection. It has been demon- 

_ strated that, with proper care, paint systems on magnesium alloys will have a 
useful life in service as long and as satisfactory as on any other structural 
metal. 

The surface treatment prior to painting is of great importance in the 
development of a protective paint system. The application of paint coats to 
the bare metal will result in unsatisfactory adhesion. A chemical treatment 
known as the chrome-pickle has been developed which, when applied to the 
metal, imparts to it definite corrosion inhibitive characteristics and a surface 
etch which promotes satisfactory mechanical bond. The chrome-pickle treat- 
ment consists of a dip for 30 sec at room temperature in a bath containing 
nitric acid and sodium bichromate. The yellowish irridescent coating formed 
by this treatment possesses good bond to the metal and in conjunction with 
suitable primers insures lasting adhesion of the paint system. 

As a result of thousands of exposure tests, a number of paint schedules 
have been developed for a variety of service conditions, combining adequate 
protection with attractive decorative characteristics. A primer is extremely 
important and must be carefully selected for the particular service to be 
encountered. For general outdoor exposure, a primer recently developed by 
the United States Navy (Navy Specification P-27) has been very satisfactory, 
as it combines excellent adhesion with the desired inhibitive characteristic 
due to the zine chromate pigment. 

The last few years have seen the development of a number of very superior 
paint finishes compared to the old oil paints. They possess remarkably good 
weather resistance and imperviousness to moisture, due largely to the use of 
synthetic resins in their manufacture. Because of these qualities, they have 
proved to be very satisfactory for finishes over magnesium alloys. For ordi- 
nary atmospheric exposure, two coats of the pigmented enamels are generally 
satisfactory. For severe exposure conditions, it is recommended that three 
finish coats be applied, consisting of a varnish developed by the United States 
Navy (Navy Specification V-10c), containing 14 lb per gal of aluminum 
powder. 

In building assemblies from magnesium alloy structural shapes and sheets 
which will be exposed to the weather, care should be taken to avoid pockets 
that could entrap water. Enclosed areas should be provided with drainage 
and good ventilation, and should be given at least one coat of approved primer. 
Faying surfaces should be primed and allowed to dry before assembly. In 
locations where magnesium alloy surfaces will be in contact with wood or 
dissimilar metals, additional treatment with bituminous paint is recommended. 
A heavy sealing compound should be used if there is a possibility of water 
entering the joint. 

Numerous structural magnesium parts and assemblies, such as motor 
castings, airplane wheels, and truck and trailer bodies, have proved that 
properly applied paint systems will give adequate protection. The use of 
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magnesium alloys in structural applications now appears practicable (from 
the protection viewpoint) even in the more severe exposures along the sea 
coast. 


ConcLUSsION 


The development of structural applications for magnesium alloys is 
dependent upon the economy possible through their use. It is a ques- 
tion of balancing initial, fabrication, and maintenance costs against the benefits 
of saving in weight. Castings of structural magnesium alloys already have 
demonstrated their ability to compete successfully with older metals and to-day 
are rendering satisfactory service in hundreds of applications. These cast- 
ings are of excellent quality and in most cases the cost is very little, if any, 
more than that of the heavier aluminum castings of the same quality. 

With the introduction of stronger alloys and improved fabrication processes, 
the way is now open for the development of additional structural applications. 
A beginning has been made in the transportation industry, and it is logical to 
expect interest to continue in this field. On account of the relatively high 
cost compared to steel, and the lack of need for weight saving, it is improbable ~ 
that the near future will see much use of magnesium alloys in stationary 
structures. On the other hand, the civil engineer is most likely to use them 
in reducing the weight of his equipment, in his crane booms, scaffolds, ladders, 
and other portable tools, to which magnesium alloys can contribute increased 
load capacity, strength, and convenience. ° 


